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resumo 
 
 
A precipitação de cera em petróleos brutos a temperaturas inferiores ao seu 
ponto de escoamento, conduz à formação de uma estrutura de cristais de cera 
e à gelificação do óleo. Assim, é muito importante ter uma boa compreensão 
do comportamento dos óleos brutos e da precipitação de cera durante o 
transporte a baixa temperatura, bem como do comportamento reológico do 
crude gelificado, já que esta seria uma informação útil para o projeto e 
operação de sistemas de oleodutos, e que permitiria diminuir os custos de 
produção e transporte. 
Esta tese foi motivada pela falta de informação sobre as características de 
óleos brutos parafínicos da Líbia e do seu comportamento reológico a 
temperaturas inferiores ao ponto de fluxão. A caracterização do óleo e da sua 
cera pode fornecer informação útil necessária para a engenharia operacional e 
o desenvolvimento de processos, incluindo a modificação do processamento 
dos petróleos brutos. Este estudo utilizou DSC para medir a temperatura de 
formação da cera em cinco óleos brutos de petróleo Líbio; a distribuição dos 
alcanos presentes nestas ceras foi determinada por GC-FID; extensa 
informação sobre a composição estrutural destas ceras foi obtida usando C-
RMN; e informações sobre a estrutura cristalina dessas ceras foi obtida 
usando difracção de raios-X. 
Neste trabalho tentamos desenvolver um conhecimento mais aprofundado 
acerca do comportamento reológico de alguns petróleos brutos parafínicos da 
Líbia. A caracterização reológica de petróleos parafínicos é uma contribuição 
importante para a indústria petrolifera Líbia. Isto pode ser explicado pelo facto 
de o comportamento reológico de óleos parafínicos próximo do ponto de fluxão 
ser útil para caracterizar a estrutura do gel, a sua resistência e a estabilidade 
da rede resultante da deposição de cera, permitindo assim prever os perfis de 
escoamento do petróleo em dutos, a pressão de arranque e a capacidade da 
bomba, minimizando problemas de operação, reduzindo o uso de produtos 
químicos perigosos e impactos ambientais negativos, e em geral, os custos 
associados ao processo. Baseado nestes argumentos expostos acima, esta 
tese foca-se no estudo do comportamento reológico dos óleos selecionados 
abaixo das suas temperaturas de ponto de fluxão. O efeito da tensão aplicada 
sobre as propriedades de escoamento e de gelificação e a quebra de gel de 
amostras de petróleo em bruto, após um tempo de envelhecimento 
especificado foi investigada. Por último, a fim de explorar a elasticidade, a 
estabilidade e a resistência dos géis formados por petróleos parafínicos, 
estudamos experimentalmente as propriedades viscoelásticas dos óleos acima 
e abaixo do ponto de fluxão. 
  
 
  
  
 
 
 
 
 
 
 
 
 
 
  
keywords 
 
Flow assurance, waxy crude oil, pour point, flow characteristic, gelled oil, yield 
stress, viscoelastic properties. 
 
abstract 
 
The precipitation of wax in crude oils at temperatures below their pour point 
leads to the formation of a network structure of waxy crystals and the gelation 
of the oil. It is thus very important to have a good understanding of the behavior 
of waxy crude oils during transportation at low temperature, and the rheological 
behavior of the gelled crude, as this would be useful information for the design 
and operation of pipeline systems that would help decrease the costs of 
production and transportation.  
This thesis was motivated by the lack of information on the characteristics of 
the wax phase of Libyan waxy crude oils and of their rheological behavior at 
temperatures below the pour point. The characterization of the oil and wax 
provides useful information required for operational engineering, and process 
development, including modifications to the processing of the crude oils. This 
study used DSC to measure the wax appearance temperature for five Libyan 
crude oils; the carbon number distribution of these waxes was determined by 
GC-FID; extensive information about the structural composition of these waxes 
was obtained using C-NMR; and information about the crystalline structure of 
these waxes was obtained using X-ray diffraction.  
A better understanding and more detailed knowledge of the rheological 
behavior of some Libyan waxy crude oils was developed in this work. The 
characterization of the rheological characteristic of Libyan waxy oils is an 
important contribution to the Libyan oil industry. This can be illustrated by the 
fact that the rheological characterization of gelled waxy oils near their pour 
point is useful to extract information about the gel structure, the gel strength 
and to further explore the network stability due to wax deposition, i.e. the 
flowability of crude oils in pipelines by prediction of the successful start-up 
pressure and pump capacity required after shutdown. This will allow to avoid 
operational problems and reduce the cost of production by the use of 
hazardous chemicals, which are not only costly but also have negative 
environmental impacts, while minimizing losses by reduced production due to 
line blockage. Based on the considerations exposed above this thesis focus on 
the study of the flow behavior of the oils below their pour point temperatures. 
Furthermore the effect of stress applied on the gelling properties and the gel 
breakdown of crude oil samples after a specified aging time was investigated. 
Lastly, in order to explore the elasticity, stability and strength of the crude oils 
gels we have experimentally studied the viscoelastic properties of the oils 
above and below the pour point.  
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1 
1.1 General context 
 Crude oils are complex hydrocarbon fluids for which a change in temperature and/or 
pressure may cause the precipitation of heavy organic compounds. These deposits 
formed in crude oils include wax and other heavy hydrocarbons such as asphalthenes or 
naphthenic acids and their naphthenates. It is essential to the producers of crude oils to 
be able to predict potential organic deposition problems so that the systems may be 
designed, and the production planned, to prevent or mitigate it [1]. The deposition of 
these compounds on the pipelines is a costly problem in oil production and processing as 
it is responsible for losses of billions of dollars yearly worldwide [2]. Consequently the 
correct prediction of wax deposition is essential to understand and describe the wax 
formation process in order to reduce operation costs  [3]. The costs could be reduced 
significantly if approaches to predict the wax precipitation and the characteristics of the 
deposits were available. Therefore, it is crucial to develop reliable experimental 
techniques as predictive tools to study the wax formation in crude oils. The industry has 
focused great efforts on this goal over the past few years [4, 5].  
 The purpose of this study is to evaluate the characteristics of some Libyan crude oils, 
as well as their waxes. Libya is Africa's second-largest oil producer after Nigeria and one 
of Europe’s biggest North African oil providers. It has been a producing country for four 
decades and is expected to continue the oil production for years to come. Only 25% of 
the area of the Libyan land is explored for oil and gas and Libyan crude oils are known for 
their good quality (low sulfur, high API gravity) with high yield of gasoline and middle 
distillates. However some Libyan crudes contain moderate to high contents of paraffinic 
waxes that may cause flow assurance problems. The oils selected to be studied in this 
thesis are Remal, Sarir, Sedra, Bouri, and Faregh, and they were supplied by three 
companies operating in Libya, Waha, ENI1-Oil, and Arabian Gulf Oil, through the National 
Oil Corporation. 
                                                 
1 ENI s tands for ENTE Nazionale Idrocarburi, the original Italian name of the company 
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 The oils were chosen because of the wax problems that they present during 
transport. The location of these wells is presented in Figure 1.1, showing the sedimentary 
basins of Libya. The Bouri oilfield off Libya’s western coast is the largest producing 
offshore oilfield, estimated to contain 2 billion barrels in proven recoverable crude oil. 
The Sirte basin contains around 80% of Libya’s established oil reserves  and production. 
Sedra provides the largest contribution to crude oils export, whereas Sarir is regarded as 
the second most important contribution for exportation [6]. These Libyan waxy crude oils 
present problems in transportation through pipelines because of thermal environmental 
changes. These crudes, mainly during wintry weather or at night, present a decreasing 
flow because of the deposition of a solid phase that obstructs the pipeline, and, as result 
of that, the flow handling becomes difficult. Because of the long distance that the oils 
travel through the pipelines from the field to the coast terminals (e.g., the distance from 
the Sarir field to the coast terminal is about 513.6 km) [7], thermal or mechanical 
treatment and flow improvers are always applied to these crude oils to avoid the 
transportation problem, which severely increases their production costs. 
 The solubility of heavy paraffins depends very strongly on temperature. With 
lowering temperature, their solubility quickly decreases and the temperature at which 
the first organic crystal appears is called the wax appearance temperature (WAT)  [8]. As 
the temperature keeps decreasing below the WAT, the amount of solids increases 
forming a 3D network that eventually prevents the fluid of flowing, reaching what is 
known as pour point. This temperature is widely used as the industrial standard to define 
the gelling temperature of crude oils [9]. During shutdown the temperature may drop 
below the pour point and it may be difficult to restart the pipeline. Consequently this 
temperature is considered as an important physical property of crude oils, at which they 
begin to behave as semi-solid materials and their rheological properties change 
considerably. This behavior is related to an increase in the formation of wax-crystal 
structures during the cooling process [10, 11]. 
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Figure 1.1 Map showing the location of the investigated oil wells [6]. 
 The development of an improved understanding of the rheology of waxy crude oils 
has a considerable interest to the petroleum industry [12]. As expected from the solubility 
behavior of paraffins, the rheology of waxy crude oils is particularly sensitive to 
temperature, due to the wax precipitation and the formation of a gel-like structure [13]. As 
the gels formed by wax precipitation may result in the blocking of a flow-line that can 
cause a halt in production, it is necessary to understand the nature of these waxes, and 
the behavior of these gel-like structures at temperatures below the pour point. Being able 
to understand the properties of waxy crude oils and to have information that may help 
predict/understand their rheology can provide insights into the right (thermal-chemical-
mechanical) solution to deal with the costly restart of the flow in the pipeline after 
shutdown, for operational or emergency reasons, in locations with low ambient 
temperature. 
 Although this thesis was initiated before the unrest that has taken hold of Libya in 
the last few years, its subject has only become more pressing since the political situation 
has led to several productions stops in various fields, leading to the need to contemplate 
the restart of oil transport in pipelines that sometimes were partly or totally blocked by 
the deposition of waxes. This thesis is thus aimed at the characterization of the nature of 
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some Libyan waxy crude oils and their rheological study from a flow assurance 
perspective. Studies were carried in order to attempt understanding the relationship 
between the nature of the oils and their waxes, and their rheological behavior. Moreover 
the adequate knowledge and characterization of these fluids is of relevance as it helps the 
refiners to optimize the conversion of raw materials into high value products.  
1.2 Scope and objectives 
 As discussed above, experimental measurements can provide insights into the 
structural and rheological behavior of waxy-oils. The main aim of this research is a 
rheological study of waxy crude oils using Libyan oils as  models. The study is essentially 
experimental but based on the sound theoretical principles of rheology. By rheological 
study, it is meant here gauging the spectrum of the behaviour of waxy crude oils, near 
and below pour point in order to investigate the characteristics of wax-oil gels by study 
their flow and viscoelastic behaviours. Thus the control of temperature is a key aspect of 
the measurements schedule. A set of measurements are typically used to envisage the 
probable flow-assurance issues that can be performed for waxy crudes, from laboratory 
studies.  
 The objectives that need to be fulfilled to achieve the aim of this work are divided 
into two main parts:  
1. Sourcing suitable Libyan waxy crude oils and characterising their basic properties, 
particularly measuring their physical and chemical properties, as the key indicators of 
their nature using a combination of various analytical techniques. 
 As there is no single analytical method that can provide a complete picture of the 
chemical and physical nature of the crude oils, a number of techniques comprising, GC -
FID, NMR, XRD, DSC, densimetry, and elemental analysis will be applied to characterize 
the following five Libyan crude oils and their waxes: Remal, Sarir, Sedra, Bouri, and 
Faregh.  
Rheological Characterization of some Libyan Waxy Crude Oils 
5 
2. The second contribution of this thesis is performing a comprehensive rheological 
measurements of three waxy oils, Faregh, Sarir and Sedra, at various temperatures using 
three different techniques, including controlled stress tests, creep- recovery tests and 
oscillations measurements. This is the principal aim of this research. To achieve this, a 
controlled-stress rheometer (AR1000, TA Instruments) fitted with a parallel plate 
measuring system (4 cm diameter, roughened surface, 0.5 mm gap) will be used. This part 
will be divided in three sections: 
 Study of the flow behavior of the crude oils below their pour point temperatures. 
The basic rheological characteristics of waxy crude oils will be evaluated by studying the 
viscosity behavior as a function of shear rate and temperature, to characterize their non-
Newtonian behavior and thermal dependence. Measurements imposing shear stress 
ramps at constant temperature will be used to evaluate yield stress before and after flow 
start and to assess time-dependent aspects as flow starts. 
 Rheological characterization of time-dependent and stress applied to the crude oils.   
 Study of the Viscoelastic properties of the crude oils near their pour point 
temperatures. Oscillatory rheological tests at low strain amplitudes will be also used to 
provide information about both the viscous-like and the solid-like properties. 
 One other objective not listed above and very important is the carrying out of a 
literature survey to assess prior knowledge in the research area. This will be part of 
chapter three. 
 The chapters of the thesis are written such that they can be read independently with 
the general knowledge of the related background presented in this introduction. Due to 
this format, there may be some repetition of introductory material from chapter to 
chapter. The experimental details are given as they pertain to each chapter. An overview 
of the main chapters is given below. 
 Chapter 2. This chapter addresses the overview of the analytical techniques used to 
characterize the Libyan waxy crude oils and their waxes. Subjects include the evaluation 
of some important characteristics used in the oil industry, such as the pour point 
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temperatures, wax appearance temperatures and paraffin content of these oils  as well as 
the characteristics of their waxes, in order to further contribute to a more detailed 
knowledge, and thus a better understanding, of the behavior of the oils, mainly with the 
purpose to explain the causes of the deposition during their production, transportation 
and storage. 
 Chapter 3. This chapter provides the study of the flow behavior of the oils, including 
the effect of temperature on the yield stress and viscosity, near the pour point 
temperatures, and also the effect of the stress applied and time on the crude oils while 
they are studied. Furthermore, the viscoelastic properties of oil gels near pour point 
temperatures are also analyzed. The stability and strength at low temperatures (below 
the pour point) have been established to understand the behavior of the crude and its 
solid deposits at low temperatures. This approach allowed to achieve a deeper 
understanding of the deposited solid phase (gelled oil) and get further knowledge about 
the parameters that cause the plugging of pipelines during flow (transportation)  
 In the last part of the thesis (Chapters 4) final conclusions as well as proposals for 
upcoming research are established from the experimental results presented in the 
previous chapters. The experimental approaches used in this dissertation were found to 
be well suited to develop a better understanding of the flow and viscoelastic 
characteristics and low temperature behavior of the Libyan waxy oils and their solid 
deposits with a respectable predictive ability that will allow an easy evaluation and 
optimization of the operating variables and process configurations, what is clearly of 
interest for the oil companies. Recommendations for future developments of the work 
plan show that additional work in the field of the characterization of crude oils should still 
be performed. More specifically some other techniques may be used to get more 
information about the physical and chemical nature of the oils and their waxes and use 
the results from the thesis to develop a reliable deposition models for Libyan waxy crude 
oils as new contribution, are proposed. 
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2 Characterization of the crude oils and their 
waxes
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2.1  Abstract  
 The prediction of wax formation and the understanding of the physicochemical 
characteristics of the wax phase are of major importance in flow assurance. The 
characterization of the oil and waxes can provide useful estimates of the parameters and 
processes required for operational engineering developments and/or physical 
modifications to the processing of crude oils, aiming at the reduction of costs of 
production and transportation.  
 Five Libyan crude oils and their waxes were characterized using various experimental 
techniques. Waxes were extracted using the Universal Oil Products (UOP) 46-64 method 
and purified by column chromatography. Differential scanning calorimetry was  used to 
study the wax appearance temperature for these crude oils. Extensive information about 
the structural composition of these waxes was acquired using 13C nuclear magnetic 
resonance spectroscopy (13C-NMR), and information regarding the crystalline structure of 
these waxes was obtained using X-ray diffraction (XRD).  
 This study shows that the five Libyan crude oils studied have wax contents between 8 
and 24 wt % with WAT in the range of 22.5-68.2 °C. The isolated waxes are shown to be 
paraffinic (macrocrystalline wax) with an orthorhombic structure. 
2.2 Introduction 
 The heavy saturated fraction of crude oil, known as wax, tends to precipitate during 
the extraction and transport of crude oils as a result of the temperature (T) and pressure 
drop (P) of the fluid. As soon as the P-T conditions fall within the solid region of the phase 
envelope, i.e., the temperature of the oil falling below the wax appearance temperature 
(WAT), there will be formation of deposits on the reservoir or pipelines. The wax 
deposition causes the plugging of pipelines and clogging of transport equipment, being a 
well-known and expensive problem in the petroleum industries  [1, 2]. A better 
understanding of the oil composition and the paraffinic hydrocarbons present in the 
crude oils can help face this problem both preventively and providing remediation 
whenever necessary. Several useful analytical techniques have been proposed in the 
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petroleum industry to study the petroleum fluid characteristics in general, and they can 
provide adequate information concerning the wax formation to facilitate production 
developments and thus avoid shutdowns and operational problems, which cost billions of 
dollars per year during oil production and transportation [3]. Although predictive models 
are available today for wax formation [4, 5] and deposition [6, 7] in crudes, they always 
require detailed compositional knowledge of the oils for an adequate performance. 
 As mentioned before the purpose of the study is to evaluate the characteristics of 
five different Libyan crude oils, as well as their waxes. These oils are named Remal, Sarir, 
Sedra, Bouri, and Faregh.  
 In practice, the characterization of the oils and their waxes  can be achieved through 
various physicochemical and compositional analyses, such as American Petroleum 
Institute(API) gravity and viscosity, WAT, wax content, and pour point, and further 
characterization of the waxes by gas chromatography(GC), differential scanning 
calorimetry (DSC), nuclear magnetic resonance (NMR), and X-ray diffraction(XRD), among 
others [8,9]. The information obtained by these techniques can be of great importance to 
explain the causes of wax deposition and to be able to understand, predict, and prevent it 
during transportation, production, and storage of petroleum. In this work, a number of 
these techniques were used to characterize the five Libyan crudes under study. The WAT 
was measured by DSC; the wax content was measured by the Universal Oil Products 
(UOP) 46-64 method; and the waxes recovered were further purified by column 
chromatography. The purified waxes were then analyzed by GC, DSC, NMR spectroscopy, 
and XRD spectrometry for a full characterization of their nature, as discussed below.  
2.2.1 Wax Structure 
 Crude oils are the largest single source of petroleum waxes. Figure 2.1 show 
examples of these hydrocarbons in the form of structural formulas [10].  
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Figure 2.1 Typical structures of petroleum waxes 
 Petroleum waxes are generally classified as paraffin wax and microcrystalline wax. 
Paraffin wax is essentially a mixture of normal alkanes; whereas, microcrystalline wax is a 
mixture that contains, in addition to straight-chain paraffins, iso and cycloparaffins. 
Among these, paraffin wax is the major constituent of most solid deposits from crudes. 
Table2.1 shows typical compositions and properties of paraffin and microcrystalline 
waxes [10].  
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Table 2.1. Typical composition and properties of paraffin and microcrystalline waxes.   
 Paraffin Waxes Microcrystalline Waxes 
Normal paraffins, Wt.% 
Branched paraffins, Wt.% 
Cycloparaffins, Wt.% 
Melting point range (°C) 
Average molecular weight (gm/gmol) 
Typical carbon number range 
80-95 
2-15 
2-8 
50-65 
350-430 
18-36 
0-15 
15-30 
65-75 
60-90 
500-800 
30-60 
2.2.2 Paraffin wax chemistry 
 Paraffin wax are normal (straight – chain) or branched alkanes of relatively high 
molecular weight (C18 to C70) represented by the general formula CnH2n+2. They have 
rather high melting points (C18; 28°C to C60; 102°C), and low solubilities in hydrocarbons. 
Pure paraffin deposits are mixtures of these alkanes and consist of very small crystals that 
usually agglomerate to form solid particles. (The term wax usually refers to solid paraffin). 
The wax varies in consistency from a soft mush to a hard, brittle material, increasing 
hardness as the amount of long chain alkanes also increases. Paraffin waxes are soluble in 
most liquid petroleum fractions, and their solubility generally decreases with an increase 
in molecular weight. They are soluble in both aliphatic and aromatic petroleum 
derivatives [11]. 
2.3  Experimental procedures and equipment 
 This section deals with the methods of preparing the samples and those analytical 
techniques used to evaluate the characteristics of the chosen five Libyan crude oils as well 
as their waxes.  
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2.3.1 Crude oil characterization 
2.3.1.1 Viscosity and density 
 The viscosity and density measurements were carried out using an Anton Paar 
Viscometer (Figure 2.2), Model SVM3000, according to ASTM D 445-06 and ASTM D 5002-
99 respectively[12], at the temperatures of 40 and 80 °C.  
 The SVM 3000 measures the dynamic viscosity [mPa.s] and the density of the sample 
and calculates the kinematic viscosity [mm2/s] from these values. Kinematic viscosity (ν) is 
defined as the ratio between the dynamic viscosity and the density of the fluid (ρ).  
 The standard S3 from Paragon scientific was used to calibrate the viscometer. The 
samples were heated above the Wax Appearance Temperature before the viscosity 
measurements to make sure that all wax particles were dissolved. Syringes were used to 
inject the samples into viscometer. A small sample volume, about 2.5 mL were injected 
slowly and continuously to the measuring cell until a drop emerges from the opposite end 
of the tube. After reaching the set temperature, the viscosity and density were read.  
 
Figure 2.2 Anton Paar Viscometer, SVM 3000 
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2.3.1.2 API Gravity 
 The petroleum industry uses American Petroleum Institute gravity (API) as the 
preferred gravity scale to estimate the quality of a crude oil. It presents an approximate 
indication of the amount of low-boiling fractions contained in crude oil, i.e., crude oil with 
higher API gravities are expected to have a higher amount of low boiling components 
obtained on distillation of the crude oil, while crude oils with lower API gravity, will have 
higher quantities of residue.  
  The crude oils are sorted using the API gravity as Table 2.2 displays. The highest 
commercial price is for the oils that have API gravity of 40-45 degrees. The values outside 
this range have a lower commercial price. The values of API Gravity for each crude oil 
were estimated based on the following equation using density values at 40 °C except for 
Remal that used values at 80 °C due to its high pour point: 
                                                              
5.131
SG
5.141
API 
                                                        (2.1) 
Where SG is the oil specific gravity: 
                             
OH
oilSG
2


                                    (2.2) 
Where  
oil  is the density of the oil and  OH 2  is the density of water. 
Table 2.2 Crude oil sorting using API gravity 
Crude oil API gravity (°) 
Light 
Medium 
Heavy 
Extra- heavy 
>31.1 
22.3-31.1 
<22.3 
<10 
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2.3.1.3  Wax appearance temperature (WAT) 
 Thermal analysis techniques can be applied to measure the heat flow and 
temperatures associated with transition in materials as function of time and 
temperatures. DSC is one of the most popular and widely used thermal methods for 
predicting the wax appearance temperature of petroleum due to the high enthalpies of 
crystallization of the paraffins [8].  
 The WAT is the temperature at which some heavy paraffinic molecules start to 
precipitate from solution. It is considered as one of main guidelines for system design, 
production operations, and the planning of the exploration of a reservoir [8]. 
 To measure the WAT, crude oil samples of about 10 mg, were heated to 30 K above 
their pour point temperatures and then cooled with a cooling rate of 1 or 3 K /min to 
evaluate the effect of the cooling rate on the WAT. Thermal characterization of the crude 
oils (WAT) was carried out on a Mettler DSC822e (Figure 2.3) calibrated with indium and 
flushed with dry nitrogen. The samples used weighed between 8.3 and 21.8 mg.  
  
 
Figure 2.3 Differential scanning calorimetry, Mettler DSC822e  
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 Three runs were carried for each oil, cooled at two different rates (1 and 3 °C/min), 
and average results are reported. The WAT was here taken as the onset temperature of 
the exothermal peak observed. 
2.3.1.4 Pour Point  
 The pour point of a crude oil is the temperature at which the oil gels due to the 
crystallization of waxes and loses its flow characteristics . The pour point measurements of 
waxy crude oils are vital to address pipeline gelling and restart issues.  
 Pour point temperatures of the crude oils were measured using the standard test 
method for pour point ASTM D97– 06 [12] where the oils are first heated up and cooled 
down at a specified rate and examined for flow characteristics at intervals of 3°C. The 
observed temperature was recorded when no motion is detected while the jar is tilted 
horizontally for 5s and 3°C is added to the observed temperature (Figure 2.4) and the 
result is the pour point temperature. 
 
Figure 2.4 Crude oil sample at pour point  
2.3.1.5 Water content 
The water content of the oils was evaluated in the oil samples as received using a 
Metrohm 831 Karl Fischer (KF) coulometer [13]. 
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2.3.1.6 Wax content 
 As the composition, type and properties of the waxes precipitating from a crude oil 
differ with the crude oil source, it is important to extract them out of its hydrocarbon 
matrix in order to evaluate their chemical composition and structural characteristics. The 
UOP 46-64 method [14] was used to extract the wax from the crude oil. Circa 2 g of crude 
oil was dissolved in 500 ml of petroleum naphtha and 15 g of fuller’s earth were added to 
the solution. The mixture was then filtered and evaporated. Finally 200 ml of a mixture 
1:3 of petroleum naphtha and acetone were added to the solution and the liquid was 
chilled to about -17 °C and filtered by cold filter funnel, after which the sample was  
washed with hot naphtha and the petroleum naphtha evaporated to recover the wax. 
This was weighed and the wax content evaluated. 
2.3.1.7 Molecular weight 
 The average molecular weight of the crude oils was determined by cryoscopic 
depression of xylene by the relation 
xylf
oilf
w
mT
mk
M


1000
                                                                           
(2.3)  
Where:  
  kf is the freezing point depression constant of xylene (4.3 Kg. °C/mole), moil is the 
weight of the crude oil (gm), mxyl  is the weight of xylene (gm) and  
Tf  = freezing point of xylene(°C) – freezing point of the mixture [crude oil& xylene] (°C)  
2.3.2 Wax characterization 
 After a preliminary characterization of the crude oils under study, their waxes were 
extracted as mentioned above and were further purified by cleaning the waxes using a 
silica gel column to remove the polar material that remains after precipitation. The wax 
samples were dissolved in n-hexane and passed through a 50 cm silica chromatographic 
column. The procedure was based on the method described by Musser and Kilpatrick  [9]. 
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2.3.2.1 Gas chromatography  
 Gas chromatography is one of the analytical methods used to provide quick 
qualitative identification of the composition of crude oils and the quantification of the 
distribution of n-alkanes and non-n-alkanes within each single carbon number group 
present in waxes  [15]. In this study a Varian gas chromatograph (CP3800) with a flame 
ionization detector (FID) was used for the characterization of the wax composition [Figure 
2.5]. A capillary column CP-5, 30 m long and with 0.32 mm internal diameter and 0.25 μm 
film thickness, was used. The wax was dissolved in CS2, and the samples were injected 
into the column using an auto-sampler, with the injector at a temperature of 250 °C, with 
a split/splitless ratio of 1:50. The detector temperature was 300 °C. Analysis were 
performed under a helium flow rate of 1.2 mL/min and a temperature program of 40-280 
°C at 12°C/min and held for 5 min at the highest temperature. 
 
Figure 2.5 Varian gas chromatograph (CP3800) 
2.3.2.2 Elemental Analysis 
 Elemental analysis (C, H, N, and S) for the purified waxes were carried out using a 
CHNS analyzer (Leco TruSpec 630-200-200) as this technique uses a combustion process 
to break down substances into simple compounds which are then quantified.  
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2.3.2.3 Thermal characterization by DSC 
 Mettler DSC822e was used in this study to measure the melting temperature and 
enthalpies for the waxes. The heat of fusion and melting point temperature were 
determined from the melting point curve. The area under a melting endotherm is 
proportional to the latent heat of fusion of the sample. The heating rate was 3 K/min for 
all wax samples. 
2.3.2.4 13C-NMR Spectroscopy 
 Nuclear magnetic resonance spectroscopy (NMR) has become the preeminent 
technique to identify functional groups of organic compounds. It is documented as a 
powerful technique for chemical analysis  [16] and can be employed as a successful 
analytical analysis for the characterization of petroleum waxes  [17].  
 In this study Carbon NMR was used to provide a value for the relative proportions of 
aliphatic and aromatic carbons in the wax. Quantitative 13C NMR spectra were collected 
on a Bruker Avance 300 spectrometer operating at 75.47 MHz.  
 Wax samples were diluted at 50% in CDCl3, and the spectra were recorded at 295 K 
with tetra methylsilane (TMS) as the internal reference. The inverse gate decoupling 
sequence, which allows for quantitative analysis and a comparison of signal intensities, 
was used with the following parameters: pulse angle, 30; acquisition time, 3.48 s; 
relaxation delay, 60 s; data points, 32000; and scans, 5000.  
 Information concerning the different types of carbon present is based on the works 
by Carman et al. [17] and Sperber et al., [18] and the aromatic content is quantified 
according to ASTM D5292-99[12] . 
2.3.2.5 X-ray diffraction Spectra. 
 In order to gain insight into the wax crystalline structure X-ray diffraction was here 
used. Diffractograms of the waxes at room temperature were acquired on Philips X’Pert 
equipment, which operates in the reflection mode with Cu KR radiation (λ=1.5406 A °).  
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 Diffraction data were collected in a 2θ range from 2 to 60, with a step of 0.02 and a 
time per step of 2 s, with incident and diffracted beam anti-scatter slits of 1, divergence 
slit of 1, and receiving slit of 0.1 mm, on curved graphite diffracted beam 
monochromator. 
2.4 Results and discussion  
2.4.1 Crude Oil Properties. 
 Analyses were carried out to characterize the five crude oils studied in this work. 
Specific gravity (SG), API gravity, viscosity, pour-point temperature, wax content, average 
molecular weight, and water content of each crude oil were measured as described 
above, and the results are reported in Table 2.3. 
 Table 2.3.  Physical Properties for the Studied Libyan Crude Oils  
Mw/
Water 
content
@40°C @80°C @40°C @80°C gm/gmol (ppm)
Remal 18.7 51 ------ 18.68 ---- 0.886 331 25.1 -----
Bouri 15 12 20.47 7.22 0.883 0.860 249 25.7 820
Sarir 13.6 24 13.56 5.27 0.829 0.810 244 35.6 1327
Sedra 8 0 5.25 ----- 0.827 ------ 200 36 206
Faregh 24 21 4.44 2.55 0.79 0.772 217 43.4 576
 Oil 
samples
Wax 
content 
(wt%)
Pour 
point 
(°C)
Kinematic 
Viscosity /mm
2
 s
-1 Density/g cm
-3 API 
gravity, 
(°API)
 
 The high pour point of Remal precluded the measurement of the viscosities and 
densities at 40 °C and also the water content.  
 The oil characterization shows that the crudes studied here are medium or light 
crude oils with high wax content. As expected, the wax content correlates well with the 
API gravity and the viscosity of the crudes at 40°C. The crudes  (with exception of Faregh) 
with a larger wax content present lower API gravities and higher viscosities.  
 The WATs for the five oils were measured using DSC as the onset temperature of the 
exothermal peak observed upon cooling. Figure 2.6 shows an example of a thermogram 
generated by a DSC for Bouri oil at cooling rate of 3°C.min-1.  WAT is seen as a deviation 
from the base line of the thermogram. 
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WAT
 
Figure 2.6 DSC thermogram of Bouri oil [Cooling rate= 3°C.min-1] 
 Results for the WAT measured at two cooling rates are reported in Table 2.4.  
 Although the WATs measured at 1 K/min are consistently higher than at 3 K/min, the 
difference between the values obtained at the two cooling rates are in general within the 
uncertainty of the measurements, estimated as 2 times the standard deviation. It is also 
quite remarkable that, although the WAT would be expected to increase with the wax 
content of the oil, there seems to be no direct relation between the two, with Faregh 
presenting one of the highest wax contents, while it is WAT is inferior to those of Remal 
and Sarir. This is a clear indication that the WAT is dependent upon not only the wax 
content but also on wax composition, as previously suggested [8]. The pour point, 
however, displays a very good linear dependency upon the WAT for all fluids of 23±3 K 
below the measured WAT. The WAT is thus, for these crudes, a good indicator of their 
pour point.  
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Table 2.4. Wax appearance temperature at two cooling rates for the studied oils. 
Uncertainty assigned is two times standard deviation of the measurements 
Crude oil 
samples 
WAT/°C @ 
3 K/min 
WAT/°C @ 
1 K/min 
Remal 67.3±1.92 68.2±0.38 
Bouri 29.2±0.54 29.7±0.28 
Sarir 48.7±0.36 49.6±0.10 
Sedra 22.5±0.04 23.2±0.88 
Faregh 42.1±0.22 43.1±0.14 
 
 
2.4.2 Wax Characterization  
2.4.2.1  Wax Composition 
 The wax composition was determined by GC-FID analysis according to the procedure 
described above. The n-alkane distributions and the content of non-n-alkanes of each oil 
are reported in Table 2.5. 
 The results indicate that all waxes extracted are highly paraffinic macrocrystalline 
waxes. They vary from being essentially made up of n-alkanes, as is the case for Sedra and 
Faregh, to oils, such as Bouri, that, although highly paraffinic, present a non-n-alkane 
content slightly above 20 wt%. The two other oils, Remal and Sarir, present waxes very 
rich in n-alkanes, with the n-alkane content above 90 wt %. 
 To obtain more detailed information on the composition of the waxes, in particular, 
to evaluate the amount of tertiary and aromatic carbons present in the wax, elemental 
analysis and 13C NMR were used. The peaks on the NMR spectra were assigned to carbon 
types according to the suggestion of Carman et al.  [17] and Sperber et al. [18]. 
 The elemental analysis, reported in Table 2.6, presents H/C ratios higher than 2 for 
all waxes, except Sedra, with an H/C ratio of 1.95. These values are typical of 
macrocrystalline paraffinic waxes with a high degree of saturation. 
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Table 2.5. Composition (wt %) of the waxes studied. 
Remal Bouri Sarir Sedra Faregh
C11 0.213
C12 0.176
C13 0.316
C14 0.735 0.189
C15 0.405 1.763 0.46 0.394 0.480
C16 0.65 2.183 0.92 0.574 0.860
C17 1.03 2.865 2.065 1.148 1.233
C18 1.915 4.063 4.182 2.226 3.498
C19 3.598 5.083 7.054 4.831 4.543
C20 5.453 5.983 9.14 8.159 7.921
C21 7.679 6.207 10.443 10.489 11.267
C22 8.371 6.195 9.979 10.961 11.474
C23 8.804 5.392 9.577 10.3 9.834
C24 8.395 5.16 7.754 9.034 9.356
C25 8.331 4.203 7.04 7.67 6.949
C26 7.71 3.839 5.674 6.043 6.338
C27 7.378 3.297 4.662 5.503 5.058
C28 6.12 3.8 3.797 4.753 4.561
C29 5.477 2.816 3.236 4.07 3.427
C30 4.163 2.504 2.44 3.364 2.873
C31 3.126 2.259 1.713 2.646 1.928
C32 2.158 1.848 1.242 1.927 1.648
C33 1.595 1.554 0.989 1.535 1.127
C34 0.319 1.374 1.156 1.113
C35 1.228 1.006 0.896
C36 0.736 0.485
C37 0.653
C38 0.546
C39 0.354
C40 0.351
Total n-alkanes 92.68 77.7 92.37 97.79 97.06
Iso & cyclo alkanes 7.32 22.3 7.63 2.21 2.94  
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Table 2.6. Elemental analysis and H/C ratio of the waxes extracted from the oils. 
 C (wt%) H (wt%) H/C (mol/mol) 
Remal 85.28 14.72 2.07 
Bouri 85.52 14.48 2.03 
Sarir 85.66 14.34 2.01 
Sedra 86.02 13.98 1.95 
Faregh 85.09 14.91 2.10 
 The aromatic carbon content was estimated according to the ASTM D5292-99[12] 
using the following equation: 
% C (Ar) = [A/ (A + B)]* 100                                            (2.4) 
 Where A is the peak area of the aromatic portion of the spectra (100-170 ppm), 
while B is the peak area of the aliphatic portion of the spectrum (10-70 ppm).  
 The results are reported in Table 2.7, where it can be seen that Sedra has the highest 
content of aromatic carbon, with the other waxes presenting an aromatic carbon content 
equal or inferior to 1%. A good correlation was observed between the H/C ratio and the 
aromatic carbon content obtained from 13C NMR Spectra, allowing for an explanation for 
the lower H/C ratio observed for Sedra in the elemental analysis. 
 Using the peak identification mentioned above, an identification of the different 
carbon types was carried out and is reported in Table 2.8 using the nomenclature 
suggested by Sperber et al. [18]. 
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Figure 2.7 13CNMR spectra for the waxes studied in the aliphatic region. The spectra 
correspond, from top to bottom, to Sedra, Sarir, Remal Bouri and Faregh  
Table 2.7. Total aromatic carbon content of the waxes under study measured by 13C-
NMR 
 Remal Bouri Sarir Sedra Faregh 
% C(Ar) 0.7 1.1 0.9 1.8 0.6 
 The 13C NMR spectra show that the waxes are formed essentially by alkyl chains with 
very limited amount of carbons in cyclic structures (CN<0.5%) or tertiary carbons (CH), 
with the exception of Bouri, with a content of tertiary carbons close to 1.5%. The tertiary 
carbon content also seems to be related to the higher content of non-identified 
structures in Bouri wax. This indicates that the content of isoparaffins in Bouri must be 
higher than in the other waxes, as also suggested by the GC-FID analysis, and it must have 
some impact on the crystalline structure of the wax. 
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Table 2.8. Characterization of the aliphatic portion of the waxes by 13C-NMR 
Structure  ppm Remal Bouri Sarir Sedra Faregh 
α-CH3 CH3 14.14 5.073 4.134 5.329 4.474 5.861 
1B1  20.06 0.048 0.23 0.116 0.144 0.152 
1B2  11.46 0.07 0.36 0.123 0.142 0.076 
1B3-6  14.54 0.053 0.111 0.077 0.068 0.06 
β-CH2 CH2 22.85 5.381 4.46 5.497 4.72 5.96 
γ-CH2  32.16 5.691 4.301 5.695 4.839 6.301 
δ-CH2  29.9 53.966 39.409 52.189 49.896 56.693 
αδ+-B1  37.48 0.193 0.557 0.402 0.319 0.249 
αδ+-B2  34 0 0.071 0 0 0 
αδ+-B3-6  34.48 0.083 0.519 0.17 0.199 0.119 
βδ+-B1  27.26 0 0 0 0 0 
βδ+-B2-6  27.21 0.112 0.32 0.496 0.465 0.12 
γδ+-B1  30.28 0.445 0.557 0.517 0.505 0.384 
γδ+-B2-6  30.39 0 0.024 0 0 0 
2B2  27.59 0.148 0.296 0.185 0.255 0.16 
CHB1 CH 33.16 0.094 0.298 0.148 0.133 0.075 
CHB2  34.61 0.036 0.154 0.092 0.114 0.045 
CHB3-6  37.01 0.41 0.964 0.435 0.496 0.32 
CN1 CN 26.84 0.093 0.145 0.094 0.102 0.113 
CN2  33.85 0.271 0.286 0.285 0.261 0.212 
% Identified   72.167 57.196 71.851 67.131 76.901 
% Not identified  27.833 42.804 28.149 32.869 23.099 
% Terciary carbon  0.54 1.416 0.675 0.743 0.44 
 
 
2.4.2.2 Melting characteristic of the waxes 
DSC was used to further characterize the structure of the waxes through the 
determination of their melting temperatures and heats of fusion. Panels a-e of Figure 2.8 
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show the thermograms for the various wax samples studied, while Table 2.9 presents the 
measured melting point temperatures, as well as the heats of fusion. 
 
Figure 2.8 Thermograms for (a) Remal, (b) Bouri, (c) Sarir, (d) Sedra, (e) Faregh  
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Table 2.9. Melting point temperatures and heats of melting for the waxes studied 
 Melting Temperatures 
/ °C 
Heat of melting 
/ J g-1 
Remal 50.5 159.1 
Bouri 30.2 83.0 
Sarir 40.6 121.8 
Sedra 39.2 119.7 
Faregh 41.1 142.9 
  These values show how the thermograms are affected by the wax composition. 
Remal, which presents the higher concentration of heavy n-alkanes, displays a sharp peak 
with a narrow melting range and high heat of fusion. As the non-n-alkane content 
increases, the melting range becomes broader and the heats of fusion decrease. Bouri, 
with its relatively high content of branched paraffins, presents a very broad melting peak 
and the lowest heat of melting (83.0 J/g), indicating that this wax has a much lower 
crystallinity than the other waxes. A small secondary peak is observed for Faregh and 
Sarir at temperatures close to 25°C, which may be due to a solid-solid phase transition of 
n-alkanes. The large heats of melting observed are typical of macrocrystalline waxes.  
  A good correlation between the measured melting points and heats of fusion is 
observed for these waxes, with higher melting points corresponding to the higher heats 
of fusion. A good correlation is also observed between the heats of fusion/melting 
temperatures and the content of tertiary carbon reported in Table 2.6. The lower the 
tertiary carbon content, the higher the crystallinity of the wax and, thus, its melting 
temperature and heat of fusion. 
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2.4.2.3 XRD of the Waxes 
 To obtain information on the crystalline structure of the waxes extracted from the 
oils under investigation, XRD was performed here on the purified wax samples. The 
diffractograms of the five waxes are presented in Figure 2.9. The crystallinity of the 
samples can be associated with the 2θ=35-45º region. Remal and Faregh are the most 
crystalline samples, while Bouri is the less crystalline sample. This is in good agreement 
with the observed heats of fusion. The low crystallinity of Bouri seems to be related with 
the large content in tertiary carbon of the Bouri waxes, as observed from the NMR 
spectra. Waxes with a higher iso-paraffin content present poor crystalline structures, and 
their mechanical properties are also modified [19]. These waxes are favorable from a flow 
assurance point of view because they are softer and easier to melt and, thus, remove 
from the pipelines by pigging.  
 To evaluate if a thermal treatment would have any effect on the crystalline habit of 
the waxes, diffractograms were collected for the purified wax samples and samples 
undergoing different thermal treatments. No differences in the crystalline habit were 
observed with the thermal treatments.  
 Given the high n-alkane content of all of these waxes, it is not surprising that they all 
exhibit very similar XRD patterns. Their crystalline habit can be identified with an 
orthorhombic structure common in normal paraffins [19, 20]. 
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Figure 2.9 X-ray diffractograms of the studied waxes: (a) Remal, (b) Bouri, (c) Sedra, (d) 
Sarir, and (e) Faregh. 
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2.5 Conclusions 
 The characterization of waxy crude oils and their waxes is necessary to understand 
and predict their behavior and to avoid various problems during production, transport, 
and processing, such as plugging and clogging of pipelines. It is thus very important to 
obtain reliable information concerning the nature of waxes using a combination of 
various analytical techniques, because there is no single analytical method that can 
provide a complete picture of the chemical and physical nature of the wax. In this section, 
the characteristics of five Libyan waxy crudes, namely, Remal, Sarir, Sedra, Bouri, and 
Faregh, and their waxes were investigated. 
 Although the major characteristics of the oils seem to be in good agreement, 
displaying a good relationship between the average molecular weight, API gravity, 
viscosity, and wax content, it is shown here that the WAT is not just directly related with 
the wax content of the oil but also with its paraffin distribution. A correlation between 
the measured WAT and the pour points was also observed.  
 The results of 13CNMR, elemental analysis, and GC-FID indicate, with a good 
agreement, that all of the studied Libyan crudes present macrocrystalline waxes 
composed of essentially straight-chain saturated paraffinic hydrocarbons as n-alkanes. 
The aromatic content in the waxes was marginal, with the largest value of 2% being 
presented by Sedra. The waxes from Bouri have a higher quantity of isoparaffins than the 
other samples, with an important impact on their crystalline structure and, consequently, 
their melting characteristics. The coherence between the results obtained from different 
analytical techniques helps to identify the most adequate, to provide the necessary 
information with lower effort and cost. 
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3 Rheological characterization of the three waxy 
oils, Faregh, Sarir and Sedra
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3.1 Abstract 
 A better understanding of waxy crude oil rheology is critical for developing flow 
assurance strategies based on thermal management, pressure management, chemical 
treatments, and mechanical remediation, to guarantee optimum productivity of crude 
oils from an oilfield. The goal of flow assurance is to ensure continuous flow of production 
under adverse conditions, such as the presence of precipitates or non-Newtonian 
behavior. Regarding flow assurance problems, faced in the petroleum industry incurred 
by the precipitation of wax molecules during the production and transportation in the 
field pipelines, it is required to understand the deposition of wax under flow conditions 
and wax gelation, to solve restart problem after shut-in period in order to overcome the 
challenges in production and transportation. This wax precipitation occurs at ambient 
temperature, typically 20-30 °C in Libya, and can occur during the transport from the well 
to the terminal through hundreds of miles of pipelines. This part of the work is thus aimed 
at providing elucidation concerning the rheological behavior of three waxy Libyan oils 
analytically characterized in the previous chapter. 
  As mentioned above in chapter 2, the Libyan crude oils under study are composed of 
straight-chain saturated paraffinic hydrocarbons as n-alkanes. These hydrocarbons create 
difficulties in the transportation through pipelines because of the deposition of a solid 
phase that causes their plugging. As a result of all these issues, this study was focused on 
understanding the flow behavior of the oils below their pour point temperatures. The 
flow characterization tests were done by applying ramped shear stresses within defined 
intervals and also by studying the effect of temperature on the yield stress and viscosity 
of the crude oils.  
 In order to develop further knowledge and understanding about the parameters that 
can influence the oils’ flow behavior, the effect of stress applied to the crude oils during a 
specified time was also studied. In addition, the viscoelastic properties of the oils were 
also analyzed to understand the oils’ structural properties and to explore the stability and 
strength of the crude oils gels before and after the flow was discontinued (near pour 
point temperatures). 
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3.2  Introduction  
 Crude oil is an important material, the life blood of modern civilization. However as 
mentioned in the previous chapters, highly waxy crude oils can cause significant problems 
during the production and transportation such as choked of a pipeline because of the 
precipitation and deposition of select wax components. If wax precipitates during cooling 
of pipeline the apparent viscosity of the waxy crude oil will be increased, and increases 
the energy requirements associated with transportation of the oil  [1-3]. Often Newtonian 
viscous flow is still observed [4], however most waxy oils when processed at low 
temperatures will be affected by this problem. Some waxy oils have a pour point higher 
than 35 °C, such as the Remal waxy crude2 studied in this work (51 °C) [5]. Clearly upon 
cooling, this creates a serious problem with the wax oil gelling and blocking the pipeline.  
 This chapter discusses important rheological characteristics of three selected Libyan 
waxy crude oils, with significant importance to the research problem under study. The 
huge economic importance of oil entire world industry has led to much work, over the 
years, on the wax deposition problem, as the main cause of pipeline chocking. The 
problem, which is an important scientific issue in oil industry, is here put in the context of 
the Libyan oil industry which is used as a case study for this research.  
 As stressed in the introduction of the first chapter, rheology is the key for 
understanding the flow of waxy crude oils and predicting the pressure required to start-
up gelled pipelines. Thus, in this chapter, the principles of rheology and research works 
specifically related to the start-up pressure of waxy crude oils are presented and 
discussed. 
 Many works have been carried out by the oil industry on the different aspects of wax 
flow assurance problems. In order to address the significant investigation issues, a 
literature survey will be presented in the third section of this chapter: ‘Overview and 
background of the wax deposition’ related to the research problem which is the Rheology 
                                                 
2 Work published in Energy & Fuels (2010), pp. 3101-3107 (full  paper in Appendix B) 
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of waxy crude oils, and restart flow phenomena. The various phases of waxy crude 
transformation during cooling, and the rheological techniques and test procedures used 
in this study are discussed in details in the subsequent sections.  
 Following the Introduction and literature review aspects, the “Materials and 
methods” (section 3.9) describes the pre-treatment of the selected samples and the 
various experimental tests carried out for their rheological characterisation. Worth to 
note that the general physical characteristics of the oils such as pour point, wax content, 
API and wax appearance temperature, and related methods, were described in chapter 
two.  
 The next part (section 3.10) “Results and discussion” will be devoted to the obtained 
results and their discussion: important data obtained about the rheological properties of 
the crude oils, including the measurements of flow behavior, yield stress, mechanical 
behaviour and viscoelastic properties, are presented and discussed in this section. Finally 
(section 3.11) will present the Conclusions for this part of the research. 
3.3 Rheology of waxy crude oil 
 Under particular conditions (high temperature, high pressures) the waxy crude oil 
acts as a Newtonian fluid with a low viscosity since the solubility of heavy paraffins is 
sufficiently high to keep them totally dissolved. Once the waxy oil flows through the 
pipelines, the paraffins begin to deposit on the pipe wall when the temperature 
decreases and falls below wax appearance temperature due to the cooler surroundings [1, 
6]. Consequently, if the oil is further cooled below its pour point temperature, this leads to 
the formation of a network structure of gelled oil during transportation through long 
distance pipelines.  
 Gelled waxy oils often show rheological behavior characterized by the existence of 
yield stress. Specially, there exists a range of stresses beyond which the viscosity of the 
gelled system decreases by several orders of magnitude, but below which no flow arises 
[7, 8]. Therefore, in order to restart flow in the pipeline, much larger pressure drops are 
essential to guarantee the constant flow rate. This issue is often so challenging that field 
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workers will insulate and/or heat pipelines to prevent this cooling from occurring [9, 10]. 
However, the precipitation of wax in pipelines at ambient temperatures, below the oil’s 
WAT, is a well-known phenomenon in petroleum industry. The wax build-up causes the 
choking of flow lines, equipment failure, plugged tubing flow lines and increasing man 
power attention, decreasing the production. The production and transportation of these 
waxy oils become a challenge because they exhibit a complex non-Newtonian flow 
behavior. With lowering temperature the wax gel layer grows rapidly in thickness 
originating a solid-like (gel) layer that grows into a plug that impedes the flow [1, 11]. 
(Figure 3.1). Although the wax deposition phenomenon has been known for over a 
century, the remediation costs continue to escalate with the expansion of exploration and 
production. 
 
Figure 3.1 - Deposited wax in cross section area of a pipeline [1] 
 The preventive methods to minimize wax deposition (insulation of pipeline, injection 
of wax inhibitor, or combination of both) are costly and not always successful [1, 12]. In 
fact, it has been recognized that the available methods to solve wax deposition problems 
are still unsatisfactory for successful prevention and serious treatment of the problem, 
and new suitable methods are still needed. One of the most commonly corrective 
methods used in the fields is the use of a scraping device called a “pig”. The pig is a solid 
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object which is launched into the pipeline and carried along by flow to scrape off the wax 
deposit. However, the pigging method cannot be utilized efficiently without a proper wax 
deposition prediction method, since sometimes it gets stuck inside the line (lodged) due 
to the existence of hard deposits making the situation even worse, as the production 
must be stopped in order to replace the plugged portion of the line, which is a severe 
costly problem. Another method is to use a fused chemical reaction with controlled heat 
emission [12-15] to remove the formed wax plug. Yet, it is critical to know the thickness 
profile and the wax fraction of the deposit as a function of axial location and time in order 
to use this technique successfully, since there could be unwanted local high temperature 
in the pipeline due to the failure of re-dissolving wax deposit. All these methods increase 
operating costs and the prediction of the characteristics of the paraffin deposits is of 
paramount importance to oilfield operators in their search for selecting and designing 
suitable economic remediation or deposit removal techniques. Consequently many works 
have been published in literature with considerable amount of work focused on the 
rheological behavior of waxy crude oils [16-28]. Within the oil industry, better 
understanding of the rheological behavior of waxy crude oils would facilitate the 
improvement of flow assurance, in order to achieve an economical and successful flow for 
crude oils in pipelines.  
3.4 The yield stress of waxy crude oil 
 As stated earlier, once the temperature of the crude oil falls below the wax 
appearance temperature (WAT), wax crystals start to precipitate out of solution and a 
very rapid increase in viscosity indicates the onset of non-Newtonian shear thinning flow 
behavior [29-32]. The viscosity increase results in reduction of the effective capacity of the 
pipeline. Precipitated waxes produce severe problems such as deposition of wax 
crystallites on surfaces, high viscosity leading to pressure losses and very high yield 
stresses (that are time-dependent on the shear and temperature history of the crude), 
what demands the application of high stresses in order to defeat the gel strength of the 
waxy oil. [33-34]. Waxy crude oils cooled to a gelled solid-like state under static conditions 
(during a shut-down) typically exhibit a time-dependent Bingham plastic flow behavior 
during a restart situation where a constant shear stress (pumping pressure) is imposed on 
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the crude oil breaking down the gelled structure leading to decrease of the oil viscosity 
and an increase in the oil flow rate [35].  
 Many studies have been carried out to estimate the yield strength of the wax-oil gel 
and, ultimately, the pressure required to restart the plugged pipelines [17-20, 36-39]. However 
the yielding behavior of a wax-oil gel is a complicated process and various researchers 
have proposed different models to explain this phenomenon as it will be discussed in the 
next sections. Studies on this subject have demonstrated that the yield stress of waxy oils 
is inﬂuenced by thermal history, shear history, and ﬂuid composition [40-50]. 
3.4.1 The effect of shear history 
 The effect of shear history on gel strength of waxy crude oils has been observed and 
studied by various researchers. Shear history includes both the shearing prior to cooling and 
shearing during the gelation of these crudes.  After gelation of waxy crude oil, the viscosity 
will become infinite and the shear rate inside the gel phase becomes  zero [51].  
 Some researchers [33] examined the gel strength of waxy crude oils under static and 
dynamic conditions. They showed that, the gels display a strong dependence of the yield 
stress on the shear history as they reported that static yield stress will be smaller if pre-
shear duration (stress application time) is longer. The yield strength for a crude oil with a 
pour point of 21°C was found to be lower by a factor of 2-4 when wax crystallization 
occurred while the crude was in movement. Some researchers studied the strength of 
paraffin gels formed under flowing conditions showing that small amounts of shear 
during gelation results in an increase in crystal sizes, which correlates to an increase in the 
yield stress of the incipient gel, whereas larger amounts of shear had the effect of 
degrading the incipient crystal network, resulting in smaller average crystal sizes [48]. 
3.4.2 The effect of thermal history 
 Chang et al. [40] studied in detail the influence of thermal history on the structure of 
statically cooled waxy crude oil. They showed that temperature is the most important 
factor influencing the rheological properties of waxy crude oils: the slower the cooling 
rate, the larger the wax crystals and their consequent agglomeration and the higher their 
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yield stresses. The effect of isothermal holding time before measurements was found to 
be less important than the effect of temperature and cooling rate. Chang’s observation 
was in agreement with the results obtained by Ronningsen [35] on different samples of 
waxy North Sea crude oils in a model pipeline as well as the results by Visintin [33] using 
oscillatory measurements in a controlled-stress rheometer. 
3.4.3 The effect of composition 
 Oh et al. [47] determined the gel strength at temperatures below pour point by the 
measurement of yield stress with and without subjecting the samples to creep stress, and 
they reported that the paraffinic components contribute to the evolving gel strength of 
the oil when cooled below pour point temperature. Similar results were obtained for 
model oils supporting that the yield stress values are dependent on the wax amount and 
wax composition [52]. The n-paraffins present in the crude oils were shown to be the main 
responsible for its aging: the more these components diffuse into the gel deposit, the 
stronger the gel becomes [53]. Venkatesan et al. [48] observed that the properties of the gel 
deposit, such as the gelation temperature and the solid wax content, were strongly 
dependent not only of the waxy oil composition but also of the shear and thermal 
histories under which the deposit is formed. Therefore, in order to achieve effective 
remediation of the problem, it is significant to investigate the wax precipitation process 
and the nature of the wax precipitates. 
 The asphaltene content can also have an important effect on the strength of gelled 
waxy crude oils formed at cold shut-in circumstances [47]. Venkatesan et al. [54] observed a 
depression of gelation temperature and yield stress with increase in asphaltene content 
in a model waxy crude mixture, supporting the effect of asphaltenes on the gelation of 
waxy crude oils. Kriz et al. [55] demonstrated that the crystallization and the wax network 
strength is strongly dependent on the degree of asphaltene dispersion and defined a 
critical asphaltene concentration in the wax network below which the yield stress 
increased with asphaltene concentration. This critical value was 0.01 %wt., above which 
the yield stress reduced with increasing asphaltene concentrations. 
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 Crude oils are always produced with some water cut and the presence of water in 
the composition of oils is also a significant factor affecting their rheological properties. 
Recently, Visintin et al [21] studied oil emulsion gels with various water cut volume 
percentages. They observed an increase in viscosity and yield stress when the water 
content exceeded 30% vol, in accordance with the observations achieved by Oliveira et al. 
[56] using three Brazilian waxy crude oils. Their measurements showed that the presence 
of water produce very stable and viscous emulsions with increased gel strength. These 
characteristics are ascribed to the network developed by the aggregation of the waxy 
crystals and water, especially when the volume of dispersed water is above 50%. Above 
this value, there is a sharp increase in the shear viscosity. The recent work of Sun et al. [39] 
investigated the yield stress of the gel formed by a water-in-oil emulsion and stated that 
the yield stress increases by one order of magnitude when water cut increases from 0 to 
60%. 
3.4.4 The effect of stress loading rate 
 Some studies also reported the effect of stress loading rate on the gel strength of 
waxy crude oils (the rate at which the stress is increased with time) [35, 57]. 
 Chang et al [57] examined the effect of the stress loading rate on the yield stress while 
studying two different crude oils at four different rates. The results obtained showed a 
similar dependence on the stress loading rate for the two oils, with lower stress loading 
rates, corresponding to a longer time scale for the yielding creep process, causing lower 
static yield stresses. They explained that the dependence of static yield stress on the 
stress loading rate, which followed a power law relation, may be due to the yielding in the 
viscoelastic creep process. Similar effects were reported by Ronningsen [35]. This has an 
important practical consequence, meaning that the pump pressure required to start flow 
in a pipeline is dependent on how quickly the pipeline is started. Therefore, based on 
these results, when initiating or restarting a pipeline transporting waxy crude oil the 
pump pressure should be increased as slowly as possible, since a slower operation will 
require a lower pump pressure [57].   
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3.4.5 The effect of Aging 
 Aging, defined as the isothermal holding time after the gel is formed, is another 
factor that has been considered in the literature as affecting the yield stress of crude oils. 
Different aging effects on gel strength have been reported. Visintin et al. [33] measured a 
higher yield stress for longer holding time at temperatures 6 and 10 °C below pour point, 
with the maximum strength obtained after 4 h. Series of laboratory flow loop 
experiments using a model system of wax and oil were carried out for various lengths of 
time to elucidate the physics of the aging process of the gel deposit by Singh et al. [58]. 
These authors explained that the gel behaves as a porous medium into which wax 
molecules continue to diffuse resulting in an increase in the wax content of the deposited 
gel with time. The deposited gels were analyzed and the wax content of the gel was found 
to be a strong function of the aging time. Also Paso et al. [53] explained the aging 
phenomenon as a counter diffusion process where paraffin components having a number 
of carbon atoms greater than a critical carbon number (CCN, the highest carbon number 
of the n-paraffin components diffusing out of the gel deposit is defined to be the critical 
carbon number) diffuse from the bulk oil into the gel deposit and precipitate, while 
paraffin components containing a number of carbon atoms less than the CCN diffuse out 
of the deposit with time. Hence, the aging process causes an increase in the solid phase 
fraction of the deposit, resulting in a more rigid gel. 
 Coutinho et al. [59] proposed a mechanism for ageing based on Ostwald ripening, 
responsible for the hardening of paraffin deposits. They have demonstrated that this 
phenomenon whereby smaller paraffin crystals recrystallize, leads to an increase in the 
average crystal size and rheological strength of a wax-oil gel. 
 Some disagreements are also observed among previous reported results. Wardhaugh 
et al. [31] did not find any significant difference in gel strength after 65 hours of aging. 
Pedersen et al. [60] found that the same amount of wax was precipitated at a given 
temperature regardless of whether the sample was cooled at a rate of 10 °C/hr or was 
equilibrated for 24 hrs. Also Ronningsen [35] and Chang et al. [40] observed the absence of 
ageing eﬀects or on their very low, often insigniﬁcant eﬀect on gel structure. These 
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disagreements were attributed to poor temperature control during the experiments or to 
the compositional diﬀerences of the oils [40]. However Lopes da Silva and Coutinho [61] 
tested three different oils under careful control of the shear and thermal history, 
reporting that the ageing and solidification of the wax-oil gels do occur at temperatures 
close to the gelation temperature. They stated that ’the apparent disagreement can be 
attributed to the different degrees of supercoiling used in different studies’. 
3.5 Wax deposition and gelation of waxy crude oil. 
 Here we discuss the available information on wax precipitation process and the 
nature of the wax precipitates i.e. the various phases of waxy crude transformation 
during cooling. As explained earlier, at high temperatures, well above the pour point, a 
waxy crude oil is in a liquid state with all the particulates fully dissolved in the solvent 
base of the oil. When the oil experiences cold ambient temperatures and the 
temperature falls below the wax precipitation temperature, the wax will precipitate out 
of oil solution [62, 63]. Precipitation of wax during cooling is described to consist of three 
stages: nucleation, growth and agglomeration. These processes describe the 
crystallization phenomenon of waxy crudes [64]. Wax nucleation and crystal growth occur 
along the pipe surface and within the bulk fluid and depend crucially on cooling rate [2]. 
 When the oil is cooled below WAT, the wax molecules form crystal nuclei, which 
enhances further crystallization and growth in a clear solution. Then other wax molecules 
join increasing the size up to a certain critical volume after which nuclei become stable. 
This process is called nucleation [65, 66]. Nucleation can be homogeneous or 
heterogeneous; homogeneous nucleation usually occurs for a pure fluid and the 
nucleation sites are time dependent, whereas heterogeneous nucleation is the most 
common type in crude oils, since impurities such as asphaltenes, formation fines, c lay and 
corrosion products play an important role acting as nucleating materials for wax crystals 
[67]. When the temperature is slightly below WAT the fraction of crystallized wax is quite 
small and the presence of crystals does not affect the rheology of the fluid.  
 With lowering temperature, typically 10–20 °C below the WAT, more molecules link 
the sites on an existing crystal faces forming ordered structures in mono or multi 
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molecular layers, giving rise to crystal growth. Crystallization continues via molecular 
diffusion of paraffin components from the liquid solution to the nuclei interface. Crystal 
growth continues till steady state is reached where the fluid is entrapped within a 
network of wax crystals with diverse and complex morphologies and structures, turning 
the oil into a gel-like, highly viscous material [65, 66, 68]. Using Differential Scanning 
Calorimetry [69, 70] and other analytical techniques [71] it has been established that gelation 
of crude oils takes place when as little as 1 – 6 wt.% of wax solids have separated from 
solution [4, 18, 19, 69, 72]. This process can cause the complete obstruction of the pipelines 
that can last several months before being removed with serious economic costs [73], 
supporting the importance of considering the precise value of the WAT and maintaining 
operation conditions well above this temperature. 
3.5.1 Wax deposition in flow conditions 
 Wax deposition doesn’t necessarily occur at the WAT value, but can occur on 
surfaces cooler than this temperature, such as pipe walls and production equipment [74]. 
Wax precipitation does not necessarily lead to solid deposition, complete blockage of 
pipeline is uncommon, but wax deposits do undesirably affect production due to 
increased flow resistance, as the effective area available for flow of reservoir fluids 
gradually decreases resulting in huge pressure drops across these flow lines and reduc ing 
the total throughput [75]. To develop an accurate prediction of the deposition rates along 
the pipeline and adequate remediation methods that would help in the design stages of 
the ﬁeld, as well as in the scheduling of interventions in the pipeline, a sound 
understanding of the basic mechanisms responsible for the wax deposits is helpful and 
needed in order to assure the ﬂow of oil at the desired rates [76]. 
3.5.2 Wax deposition mechanisms 
  In recent years wax deposition prediction has always been a hot and important 
research focus for scholars [77-91]. The available studies suggest different possible 
mechanisms for wax deposition, namely molecular diffusion, Brownian motion, shear 
dispersion and gravity settling.  
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3.5.2.1 Molecular diffusion mechanism 
 The initial wax deposited at the pipe wall is a 3-D network structure of wax crystals 
containing a significant amount of oil trapped in it [92]. These crystals grow as time 
progresses while there are radial gradients of thermal and mass transfer as a result of 
heat losses to the surroundings, i.e., the temperature and wax concentration at the pipe 
center being higher than at the pipe wall lead to a radial transport of wax molecules from 
the bulk of the fluid towards the wall, by molecular diffusion. Forming the soft solid 
deposits. This wax flux causes the wax deposit to become thicker as time progresses.  
 Molecular diffusion mechanism has been branded as the governing paraffin 
deposition mechanism [93]. Singh et al. [1] confirmed that shear dispersion, Brownian 
diffusion and gravity settling had little influence on wax deposition, suggesting that 
molecular diffusion was the dominant mechanism of wax deposition. 
In fact, most available deposition models make use of molecular diﬀusion as the sole 
mechanism for predicting three-dimensional and time-based distributions of paraﬃn [75]. 
3.5.2.2 Shear dispersion mechanism 
 Wax deposition by shear dispersion is a mechanism of cross-stream transport of 
suspended solid particles in flowing fluid driving them towards the wall. The rate of 
deposition is expected to be governed by the shear rate and by the content of crystallized 
paraffins. This mechanism suggests that flow of oil is essential for deposition and 
theoretically no heat flux between the pipe and the environment sustains the deposition 
process. Suspended particles of crystallized paraffins within a fluid tend to travel with the 
mean speed of the fluid surrounding them. Particles have higher velocities at greater 
distances from the pipe wall, and the particles also rotate as they flow. These rotating 
particles will exert drag forces, causing displacement of the flow paths of any neighboring 
particles. Near the pipe wall the particle concentration will be high, the velocity gradient 
induces a lateral movement and the particles eventually settle on the pipe wall  [89, 96]. 
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 Some studies [81, 94] kept the pipe wall at the same temperature as the oil, to 
guarantee that there would be no heat flux from the wall to the oil. Under these 
conditions, it was expected that suspended wax particles would be present throughout 
the flow and available for deposition. However, no deposition occurs under conditions of 
zero heat flux. Weingarten et al. [78] also did not observe any deposition without a wall 
colder than the bulk oil temperature. Although Hamouda et al. [93] considered that shear 
dispersion had an influence on wax deposition, they ignored the influence of shear 
dispersion when establishing the prediction model of wax deposition. Therefore, from the 
available results we may conclude that shear dispersion is a force which limits the growth 
of the deposit on the pipe wall [80, 83], but it is not relevant to the deposition process itself 
[75]. 
3.5.2.3 Brownian diffusion mechanism  
 In the mechanism of Brownian diffusion wax particles suspended in the oil animated 
with a random movement collide with thermally agitated oil molecules. These collisions 
originate an irregular wiggling motion of the suspended particles, which in the presence 
of a concentration gradient, leads to a net transport of the particles along the path of 
declining concentration, producing a net transport similar to diffusion, i.e., from high to 
low particles concentrations. 
  This mechanism has not been considered as a relevant deposition mechanism in 
literature [51, 81, 84, 89, 95]. Creek et al. [83] claimed that the contribution of Brownian 
diffusion is small, since it is compensated by the drag of the oil. Majeed et al. [95] 
neglected this effect on the basis that the concentration of wax crystals is highest at the 
pipe wall, hence Brownian diffusion flux would be away from the wall in the direction of 
the pipe centerline and not the opposite. However, Azevedo et al. [75] considered that 
there is no sufficient experimental evidence to support this conclusion. For instance the 
argument of Majeed et al. [95] fail to recognize their assumption; if the wax crystals are 
trapped at the immobile deposit solid layer at the wall, the concentration of solid crystals 
in the liquid at the wall is zero, or nearly zero. 
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3.5.2.4 Gravity settling mechanism 
 Gravity settling can occur because precipitated wax crystals are denser than the 
solvent oil. Burger et al. [89] determined typical size distributions of crystals and terminal 
settling velocities, and concluded that these velocities did not significantly contribute to 
the formation of wax deposits. Similar observation were obtained by Leiroz and Azevedo 
et al. [75, 94]. Gravity settling does not seem to be an important mechanism for wax 
deposition as various researchers have concluded that this effect is negligible and then 
usually neglected in flow models [96]. 
3.6 Structure of gelled Waxy Crude Oil  
 The characteristics of wax-oil gels depend on the crystal amount and morphology. 
Also, the structure of the crystal networks strongly depends on both thermal and shear 
histories [1, 97]. The crystallization of wax molecules below the WAT incurs formation of 
gels with a complex morphology. Wax crystals are considered to consist of straight chain, 
branched, and cyclic hydrocarbons in the range of C15 up to C80 [76].  
  The wax crystals will form macrocrystalline waxes at slow rate of cooling. The 
molecular weight of the components in macrocrystalline waxes varies between 250 and 
450 and their melting point between 40 °C and 60 °C. Their crystals are plate-shaped or 
needle-shaped [2, 98]. When the cooling rates are higher, smaller crystal structures form. 
These microcrystalline waxes contain, in addition to normal hydrocarbons, large amounts 
of iso-alkanes and naphthenes with long alkyl side-chain and their melting point varies 
between 60 °C and 90 °C [98]. However, if the cooling rate is low, wax molecules will have 
appropriate time and flexibility to form large crystals and as a consequence the number 
density of crystals decreases. This morphology affects both the strength of the gel and the 
failure mechanism of the gel in the pipeline [99, 100]. The restart of the gelled oil may result 
from the breakdown of the gel structure itself (cohesive failure) or it may occur because 
of the breakage at the pipe-gel interface (adhesive failure) depending on the cooling rate 
and wax content [48, 99]. The cohesive yielding of the gel occurs when the applied stress 
exceeds the mechanical strength of the wax-oil gel structure maintained by the 
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mechanical interlocking of wax crystals formed by London dispersion or van der Waals 
forces between n-alkanes [33, 48, 99, 101]. 
3.7 Some rheological mathematical models  
There are several mathematical models that can be fitted to flow curves in order to 
extract from them information on fluid rheological behaviour. For non-Newtonian fluids 
the three models presented below are the mostly widely applied [113]. 
3.7.1 Herschel-Bulkley model  
 The Herschel-Bulkley model is applied to fluids with a nonlinear behaviour and yield 
stress. It is considered as a precise model since its equation has three adjustable 
parameters.[114]  
 The Herschel-Bulkley equation describes the flow behaviour of shear thinning fluids 
that require some stress to initiate flow (dynamic yield stress): 
n
γKττ

                                                                                     (3.1) 
 Where, is the shear stress (Pa), 

  is the shear rate (s -1), 0 is the yield stress, K is 
the consistency index and n the flow behavior index. The Herschel-Bulkley model reduces 
to the power-law (Ostwald-de Waele) when τo = 0, i.e., fluids with shear thinning flow 
without a yield stress. 
The consistency index (K) gives an idea of the viscosity of the fluid. However, to be able to 
compare values for different fluids they should have similar flow behaviour index (n) . The 
power-law exponent (n), or the flow-behavior index, has a value of n < 1 for shear-
thinning fluids. The higher the n the more viscous the fluid, while the greater the 
departure of n from unity, the more pronounced are the non-Newtonian properties of the 
fluid. However, to be able to compare values for different fluids they should have similar 
flow behaviour index (n). When the flow behaviour index is close to 1 the fluid´s 
behaviour tends to pass from a shear thinning to a shear thickening fluid. When n is 
above 1, the fluid acts as a shear thickening fluid.   
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3.7.2  Ostwald model 
 The Ostwald model (Equation 3.2), also known as the Power Law model, is applied to 
shear thinning fluids which do not present a yield stress  [114]. The power-law Model 
expressed as: 
n
γKτ

                    (3.2) 
The n-value in the above equation gives fluid behaviour information according to:  
n
γKτ

                             (3.2) 
n < 1  shear thinning behaviour 
 n = 1 Newtonian behaviour 
n > 1  shear thickening behaviour  
3.7.3 Bingham model  
 The Bingham model describes the flow curve of fluids with a yield stress and a 
constant viscosity and exhibits a decreasing viscosity with increasing shear rate (i.e. shear-
thinning).  This fluid will not flow until the applied shear stress exceeds a certain 
minimum value known as the yield point.  The Bingham fluids are similar to Newtonian 
fluids in the sense that there is a linear relationship between shear stress and shear rate.   
 The Bingham model expressed as:  
 

 ττ                   (3.3) 
The yield stress (τo) is the shear stress at shear rate (

 ) zero and the viscosity (ɳ) is the 
slope of the curve.  
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3.8 Rheological techniques, instrument and test procedures used in this study 
This section describes some rheological concepts and the various techniques used in this 
study to perform the characterization of the waxy oils. In this section no data on the waxy 
crude oils studied are presented. 
3.8.1 Overview of Some rheological concepts & Approaches to Yield Stress 
phenomena 
 As mentioned earlier, waxy oils are not a simple suspension, but a suspension in 
which the particles have a potential to crystallize, combining together to form a structure. 
This is a structural feature that marks waxy oil complex materials rheologically. It is thus 
helpful to give a brief overview of some rheological behaviours that may be exhibited by 
crude oils and the principles of the rheological techniques considered in this research in 
order to investigate the gelled waxy crude oils that lead to the consideration of the 
difficult task of tracking the yielding process of the waxy crude oils and measuring the 
corresponding yield stresses before undertaking the rheological measurements. 
3.8.1.1 Some rheological concepts 
 Newtonian fluids are named after Sir Isaac Newton (1642 - 1726) who described the 
flow behavior of fluids with a relation between shear stress and shear rate which implies 
that the applied shear stress τ is proportional to the rate of shear strain 𝛾, also called 
shear rate. The constant of proportionality η, is the material’s resistance to flow i.e. 
VISCOSITY. 
Viscosity = Shear Stress / Shear Rate               (η = τ /

 )                       (3.4) 
 For a Hookean solid, Hooke's law states that the stress is proportional to the strain ϓ: 
Stress = G* x Strain                                   (τ = G* x  )          (3.5) 
Where G* is defined as the complex modulus or modulus of elasticity. 
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 Newton’s law and Hook’s law have constant proportionality. Thus doubling the stress 
would double the strain i.e. the material behaves with a linear response.  
 Non-Newtonian fluids do not show a linear relationship between shear stress and 
shear rate. This is due to the complex structure and deformation effects exhibited by the 
materials involved in such fluids. There are different types of non-Newtonian behavior 
such as, shear thinning, shear thickening, viscoplasticity, thixotropy, linear and non-linear 
viscoelasticity. These are briefly defined below. 
Shear thinning: the apparent viscosity of this fluid type decreases with increasing shear 
rate (Figure 3.2). Shear thinning fluids are also called pseudoplastic fluids. 
Shear thickening: called dilatant fluids, exhibit increasing apparent viscosity with 
increasing the value of shear rate (Figure 3.2). However this type of non-Newtonian 
behavior is not characteristic of waxy oil gels. Examples of such fluids include honey, 
cement and peanut butter, etc.  
Viscoplasticity: This type of non-Newtonian fluid needs a predetermined shear stress in 
order to start flowing which characterized by a yield stress, τ0 , below which the materials 
will not deform, and above which they will deform and flow according to different 
constitutive relations. The Bingham plastic and the Herschel Bulkley models [111] are 
examples for correlating this kind of behavior (Figure 3.3). 
Viscoelasticity: Viscoelastic materials are the property of materials that exhibit both 
viscous and elastic characteristics when undergoing deformation. Such complex 
behaviour cannot be characterized purely in terms of simple parameters, such as the 
material viscosity or elastic modulus.  
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Figure 3.2 Viscosity of Newtonian, Shear thining and shear thickening fluids as function 
of shear rate 
Thixtropy: This type of fluid has  a time-dependent shear thinning property. Certain gels 
or fluids that are thick (viscous) under static conditions will flow (become thin, less 
viscous) over time when shaken, agitated, or otherwise stressed (time dependent 
viscosity). These time-dependent changes in viscosity are due to a gradual change in the 
microstructure of the fluid resulting from the application of shear. This mechanism is 
referred to as shear rejuvenation [102]. They then take time to return to a more viscous 
state, exhibit what is known as aging, which describes the ability of the fluids or gels to 
rebuild its initial structure under the absence of shear. The aging phenomenon is typically 
supposed to result from a slow internal, thermally driven rearrangement of the material’s 
microconstituents [103]. Reference to this study, thixotropy is considered as an important 
feature of waxy crude oils as reported by several authors [29, 33, 104, 105, 110].  
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Figure 3.3 Bingham and Herschel-Bulkley model fits  
 Clearly, the range of behaviour mentioned above can be very complex and, most 
significantly, cannot be predicted, they have to be measured. In general, over a 
sufficiently wide range of shear, materials might exhibit some different characteristic 
made up of several of the above flow features. Particularly, the rheological behaviour 
which is relevant to waxy crude oil lies somewhere between that of a pure viscous liquid 
and an elastic solid which referred as mentioned above as viscoelastic behavior and the 
gelled crude oil may not flow until a certain level of stress is applied to it. 
3.8.1.2 Yield stress Phenomenon  
  In the previous section, yield stress was defined as the minimum stress required by 
the material to flow. In fact, this is a very simple definition for a system that may exhibit 
complex solid-liquid transition when sheared beyond a critical deformation. That critical 
deformation corresponds to a critical stress, which also marks the transition from solid, 
viscoelastic to the liquid regime. Such transition between solid like behavior and ﬂow 
introduces signiﬁcant complications into the changing features, which, as a result, created 
more fundamental problems with the concept of yield stress.  
 For waxy crude oils, the yield stress is an important fluid property to be taken into 
account to pipeline designers and operators. The yielding process and yield stress of 
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gelled waxy crude oils has turned to be a difficult task to determine experimentally since 
its deformation depends on different factors as discussed previously.  
  Various researchers have proposed models to explain the yielding behaviour of waxy 
crude oils that have general acceptance of its practical usefulness in engineering design 
and operation of processes. Wardhaugh et al. [77] show that the yielding behaviour of 
waxy crude oils is accompanied by three distinct characteristics, an elastic (Hookean) 
response followed by slow deformation (creep); and finally fracture-like behaviour 
resembling the fracture of solids and defined the yield stress as the “shear stress at which 
the gelled oil ceases to behave as a Hookean solid”. Barens [106] also defined the yield 
stress as the stress corresponding to the transition from elastic to plastic deformation. 
  Chang et al. [40, 57] proposed three distinct yield stress values that can be investigated 
for waxy crude oils at low temperatures. These yielding stresses can be summarized as an 
initial elastic response when the stress is lower than the elastic yield stress, the shear 
stress below which only recoverable deformation occurs, followed by a viscoelastic creep 
region, above elastic yield stress since the structure of the sample is partially damaged 
(static yield stress), and finally a fracture when the flow begins since the shear stress is 
larger than static yield stress (the broken down structure after yielding). The dynamic 
yield stress describes the broken down structure after yielding. Figure 3.4 shows the 
curve recorded for the studied waxy crude oil. It illustrates the differences between static 
and dynamic yield stresses. 
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Figure 3.4 Difference between static and dynamic yield stress for waxy crude oil , (a) 
linear scale; (b) logarithmic scale [57]   
 It is important to note the need to use both linear and log scale to enlarge the scale 
and enable the identification of the yielding regions. In this illustration, point B is 
identified as the starting of the fracture and defined as static yield stress and point C is 
the end of the fracture region. The dynamic yield stress is determined from the up curve 
by extrapolating tangentially from D as shown in the illustration (Figure 3.4 a).  
 Complete yielding process can be clearly shown by an oscillatory test as proposed by 
the same authors [57]. Figure 3.5 shows a typical curve recorded for the same waxy crude 
oil in which the shear strain is measured in the test rather than shear rate. As can be seen 
in this figure, before point A which is the initial linear regime represents an elastic 
behaviour where the strain increases linearly with shear stress, after that Creep occurs 
with the stress-strain relationship slowly deviating from linear. Fracture starts at point B, 
showing the breakage of the oil microstructure where there is a significant increase of the 
strain. 
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  The entire process is differentiated with two yield stresses which are the elastic limit 
yield stress, the stress transition between elastic and creep and the static yield stress, the 
stress at the start of the fracture.  
 Nevertheless the static stress value effectively determines the pump capacity 
required to initiate the gelled oil flow and ensure pipeline restart. 
 
Figure 3.5 the yielding process by oscillatory test [57]   
 Venkatesan et al. [48] conducted tests to determine the yield stress by using samples 
prepared with various amounts of wax. (Figure 3.6) shows the typical rheometric 
responses of viscosity shear stress data. Initially, at low values of the applied shear stress, 
the rheometer cannot determine the viscosity in as much as no sample movement can be 
recorded. When the shear stress reaches close to the yield value, a creep response is 
observed and, at about 190 Pa for one sample and 850 Pa for another, the point of 
fracture is reached and is displayed in the form of a sudden decrease in the viscosity. 
Thus, the yield stress is taken for the two cases as 190 and 850 Pa. 
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Figure 3.6 yield stress measurment of typical rheological experiments [48] 
 However, waxy crude oils can be characterized using a number of techniques in the 
rheologist’s toolbox. For instance, investigating the effect of shear rate or shear stress on 
the apparent viscosity and the yielding of a heavy crude oil in order to develop reliable 
and accountable sets of experimental data bases of the rheological features can lead to a 
better understanding of the flow behaviour and the type response of the structures 
present within the crude oils. The viscoelastic behavior of the oil may be also measured 
by imposing constant stress and observing the resulting deformation or strain rate. This 
technique is called creep test. Oscillatory measurements is another technique that allows 
to explore the viscoelastic properties in order to understand the microstructures of non- 
Newtonian behaviour that waxy crude oils exhibit.  
 The above mentioned techniques require rheological equipment that can be 
operated in controlled stress, oscillatory and creep modes, the three techniques  most 
appropriate to analyze the structure of the material at rest and give information about 
storage stability, elasticity over long time scales and measure the yielding process of gels 
and materials that contain solidifying particles such as waxy crude oils. The laboratory at 
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Aveiro University is equipped with a TA (AR 1000) instrument that answers these 
requirements. This instrument has been used in this study to characterize the three waxy 
oils under investigation.  The principles of using each technique used to perform the 
characterisation of the waxy oils, measure their rheological properties are considered 
below.  
3.8.2 Principles in the flow measurements 
 Since the relationship of shear stress to shear rate are strictly related to flow, then 
the flow characteristics of a material can be displayed by plotting shear stress (τ) vs shear 
rate (

 ). A graph of this type is called a Flow Curve or Rheogram. 
 Flow rheological measurements at constant temperature starting from a strong gel 
state can provide information on the presence of yield stress before and after flow start 
and assess time-dependent aspects as flow start. The reliable technique for defining this 
dynamic behavior, by evaluating those aspects and getting an overview on how the waxy 
oils behave in a flow restart, would be from direct measurements using a controlled 
stress rheometer, in which a shear stress is applied and shear response is measured.  
 Controlled stress tests or steady shear flow tests can be performed by ramped shear 
stress with defined intervals along this shear gradient (linearly). To detect the stress at 
which the oil flows, i.e. yielding occurs, the rheometer must be operated by ramping the 
stress up, increasing the applied stress linearly in specific time, from a very low value or 
zero to a value higher than the yield stress. Already, we can suspect that in order to 
measure the yield stress we will need an instrument that is capable of applying very small 
stresses and measuring the smallest movement (shear rate). However no data can be 
recorded in the stress curve before the shear rate reaches the resolution limit of the 
rheometer. This is the most serious limitation of this technique which by definition cannot 
give the elastic limit yield stress unless the rheometer is designed to measure very small 
shear rates.   
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3.8.3 The principles of creep-compliance tests 
 Creep is the steady deformation of a material that is placed under a constant load. 
Creep tests allow evaluating the yielding characteristics of the ﬂuid. If the stress is below 
a minimum yield stress limit, after an initial deformation, no ﬂow will be observed. If the 
applied shear stress is higher than yield stress, the fluid sample will start ﬂowing within 
some time, depending on the applied stress magnitude, material properties, exposure 
time and exposure temperature. 
  The extent of the sample recovery can be measured, after a sample imposed to 
creep, by abruptly relieving the imposed stress and measuring the resultant strain. The 
yielding process of the crude oil under constant stress applied (creep) can be occurring in 
three distinct stages: elastic deformation which is a rapid elastic increase in strain 
(primary creep) followed by viscoelastic creep as a slower linear rise in strain (secondary 
creep or steady state creep), and finally fracture creep range with the deformation of the 
gel structure (tertiary creep) (Figure 3.7).  
 Creep tests may start from the same state of the material and detect its response to 
different imposed shear stresses. If the oil exhibits some kind of internal arrangement or 
structure, below its elastic limit yield stress value, then the gel only exhibits elastic 
response and after an initial deformation, no flow would be observed. If the stress value 
in between elastic yield stress and static yield stress value, the waxy gel is expected to 
exhibit slow “creep”.  However, if the applied shear stress on the gel exceed its static yield 
stress value, then within some time the gel breaks down and shows viscous flow, 
depending on the applied stress magnitude. 
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Figure 3.7  Schematic Diagram of Creep-test showing the three stages of creep [115] 
 A sequence of creep tests using a varied range of shear stresses can specify the 
yielding characteristics of the oil if the steady state flow is reached. However this mode 
allows not only to evaluate the yielding process and related yield stresses but also enables 
to analyze the structure of the material at rest. 
3.8.4 Principles of oscillatory tests 
 Oscillatory tests also referred to as dynamic mechanical analysis (DMA).  Studying the 
mechanical behavior of waxy crude oils are complicated by the fact that their response is 
viscoelastic, intermediate between that of solids and liquids (viscoelastic). Oscillatory 
techniques are commonly used to analyze such complex rheological behavior; it provides 
information on the viscous-like and the solid-like properties, and the relation of this 
strength with the gel composition and its stability. In this method, both stress and strain 
vary cyclically with time, with sinusoidal variation being the most commonly used. This is 
the most popular method to characterize viscoelasticity, since relative contributions of 
viscous and elastic response of materials can be measured. 
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 The basic principle of an oscillatory test is to induce a sinusoidal shear deformation in 
the sample and measure the resultant stress response; the time scale probed is 
determined by the frequency of oscillation, ω, of the shear deformation.  
 Figure 3-8 shows oscillatory motion induced mechanically in a plate and plate 
system. The sample is placed between the two plates. While the bottom plate remains 
stationary, a motor rotates the top plate, thereby imposing a time dependent strain on 
the sample.  
Shear strain will be in the form [116]: 
  (t)=  o *sin (ωt),                                        (3.6) 
 Where  o is the strain- amplitude (the maximum applied deformation) and ω is the 
angular frequency of the oscillation. The time dependent stress (t) is quantified by 
measuring the torque that the sample imposes on the bottom plate. Measuring this time 
dependent stress response at a single frequency immediately reveals key differences 
between materials. 
Top plate oscillates
 
Figure 3.8 Schematic representation of a typical rheometry setup, with the sample 
placed between two plates. 
 If the material is an ideal elastic solid, then the sample stress is proportional to the 
strain deformation, and the proportionality constant is the shear modulus of the material  
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(Figure 3.9 a). The stress is always exactly in phase with the applied sinusoidal strain 
deformation.  
 In contrast, if the material is a purely viscous fluid, the stress in the sample is 
proportional to the rate of strain deformation, where the proportionality constant is the 
viscosity of the fluid (Figure 3.9 b). The applied strain and the measured stress are out of 
phase, with a phase angle δ=π /2.  
Viscoelastic materials show a response that contains both in-phase and out-of-phase 
contributions (Figure 3.9 c); these contributions reveal the extents of solid-like (red line) 
and liquid-like (blue line) behavior. 
(a)
(b)
(c)
 
Figure 3.9 Schematic stress response to oscillatory strain deformation for an elastic 
solid, a viscous fluid and a viscoelastic material.  
  As a consequence, the total stress response (purple line) shows a phase shift δ with 
respect to the applied strain deformation that lies between that of solids and liquids, 
0<δ< π/2.  
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The response of material in terms of stress  and strain will show a phase shift angle δ 
between 0° and 90° and can be written as  [116]: 
     =  o *sin (ωt+δ),                               τ = τ0 sin (ωt+δ)                        (3.7) 
Using trigonometric identities, the stress wave can be decomposed into two components, 
one in-phase with the strain and the other out-of-phase by 90 degrees: 
τ = τ0 sin(ωt)cos(δ)+ τ0 sin(δ)cos(ωt)                                (3.8) 
 Using equations 3.7 and 3.5 it is clear that the complex modulus G* is defined as:   
G*= τo/  o                      (3.9) 
 This complex modulus is made up of two components, the elastic and viscous 
moduli, G' and G'' defined from vectorial decomposition as: 
G'= G* cos (δ)     &  G''=G* sin (δ)              (3.10) 
 We can rewrite the above expression (equation 3.8) in terms of two material functions 
(G' and G''): 
τ =  o [G' sin (ωt)+ G'' cos (ωt)]                           (3.11) 
Elastic modulus, G'= (τo/  o) cos (δ)                          (3.12) 
Viscous modulus, G''=  (τo/  o) sin (δ)                    (3.13) 
 The elastic modulus, G', which is related to the stress in phase with the imposed 
strain, provide information about the elastic nature of the material. Because elastic 
behaviour implies the storage informational energy in the system, this parameter is also 
called the storage modulus. The viscous modulus, G'', on the other hand, is related to the 
stress component, which is completely out of phase with the displacement. This 
parameter characterize the viscous nature of the material. Because viscous deformation 
results in the dissipation of energy, the parameter is called the loss modulus.  
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   Also tan δ can be defined, from the vector decomposition linking the phase angle to 
these moduli:  
tan δ = G''/ G'                             (3.14) 
 If  G'= 0, the sample is a purely viscous fluid. If G''= 0, the sample is a Hookean solid. 
A viscoelastic material exhibits non-zero values for both G’ and G’’.  
 The analysis above assumes that the measurements are made in the “linear 
viscoelastic regime (LVR) of the sample. The conditions for linear viscoelasticity are that 
the stress be linearly proportional to the imposed strain. This condition requires that the 
modulus, G’ and G’’, in the LVR, should be independent of the strain amplitude.  
 Consequently, as we are seeking to determine the yielding of the waxy crude oils at 
temperatures below pour point, it is important to operate in the region where the oil 
sample remains solid, i.e. deforms elastically and “push” it just until it breaks and begins 
to show viscous flow. As mentioned above, this translated in rheometric terms means to 
operate the oscillatory test in the Linear Viscoelastic Region, LVR, then following this in 
the nonlinear region, as it can be seen in (Figure 3.10), at the beginning of the test, the 
elastic modulus is higher than the viscous modulus. As the amplitude of the oscillations 
increases, the elastic modulus decreases, eventually to a value lower than the viscous 
modulus. At that point the material is said to exhibit a more viscous than elastic behavior, 
characterizing a predominant liquid behavior. Thus in this study, the measurements were 
done at a fixed low frequency whilst increasing slowly the amplitude of the oscillation and 
measuring the strain response in both linear and nonlinear regions, from which the 
storage modulus (G’) and the loss modulus (G’’) during the entire yielding process can be 
determined. 
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Figure 3.10 Typical graph, the process of yielding in oscillatory measurements  
 As the advantage of dynamic shear is that it allows to characterize the sample 
without disturbing the microstructure in the process, the linear viscoelastic modulus 
reflect the microstructure at rest. This is to be contrasted with steady shear, where the 
material functions are always obtained under flow conditions that correspond to 
relatively drastic deformations. Consequently, the microstructure under steady flow will 
be very different from microstructure under static conditions. It can therefore, correlate 
dynamic rheology to static microstructures and steady rheology to change in 
microstructure caused by flow. This is called in rheometric terms frequency sweep 
measurements. During the frequency sweep the frequency is varied while the amplitude 
of the deformation or alternatively the amplitude of the shear stress is kept constant.  
Figure 3.11 shows some types of response seen in dynamic frequency spectra [107]. 
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 Figure 3.11, (a) is typical of a non-associated particulate dispersion, and consists of 
dominant viscous modulus, G'', over the elastic modulus, G', over the complete range of 
experimental frequencies and both of these are highly dependent on the frequency. In 
this situation, sedimentation is likely to occur. The viscosity is almost independent of the 
frequency. 
 The viscous modulus will still dominate over the elastic modulus in Figure 3.7 (b) as it 
shows a weakly- structured system. However, the difference between these is smaller 
than in the non-associated system. The viscosity is dependent on the frequency.  
 Figure 3.11 (c) shows what could be classified as a well-structured (gelled) system 
and called a gel. The dynamic mechanical spectrum of a gel shows a frequency- 
independent elastic modulus, G' that greatly exceeds the viscous modulus, G''. Thus, a gel 
behaves principally as an elastic material because of the presence of a continues network 
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(a)
(b)
(c)
 
Figure 3.11 Dynamic rheology. G’ and G’’ and viscosity as functions of frequency, ω, are 
shown with their corresponding microstructure. (a) Non-associated particulate 
dispersion. (b) Weakly- structured system with viscous modulus dominant over the 
elastic modulus. (c) A well-structured (gelled) system [107] 
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3.8.5 Rheometer and measuring systems 
 Figure 3.12 shows the controlled stress rheometer, AR1000, TA instruments, which 
was used in this study. In this rheometer design, an air bearing is provided with 
technology for digitally controlling the shear stress in a range 0.0008 to 508,000 Pa and 
the shear rate in a range 10-6 to 11,000 s-1.  The range is thus very large, enabling to 
detect very small yield stress values. Also important with this instrument which is fitted 
with a Peltier device, is the ability to accurately control heating and cooling. The Peltier 
system uses a thermo-electric effect. This function as a heat pump system with no moving 
parts, and this is ideally suited to rheological measurements.  
 
Figure 3.12 Controlled stress rheometer, AR1000-TA instruments 
 The AR 1000 Rheometer can accommodate three types of measuring systems, the 
cone and plate, the plate and plate and concentric cylinders systems and operates in both 
rotational and oscillatory modes. These systems are described below. 
 Cone-and-Plate System:  Figure 3.13 shows the geometry of the system which 
consists of a circular cone and a plate. The sample is held between cone and plate to be 
tested. The dimensions of the conical area of the flow filed are defined by the cone radius 
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R and the cone angle α. The standard diameters available are 20mm, 40 mm and 60 mm 
with cone angles of 0.5° to 4° in 0.5° increments. 
α
R
 
Figure 3.13 A schematic diagram of cone-and-plate measuring system 
 Cone and palate geometries are commonly used for single phase homogenous 
samples or samples with sub-micron particles. Samples containing particulate substances 
are usually unsuitable for cone and plate geometries as the particles will tend to transfer 
to the apex of the cone and will get jammed in the truncation area, resulting in incorrect 
measurements.  
 Parallel-plate System: Figure 3.14 shows the geometry of the system which consists 
of two parallel plates separated by a gap where the sample is held. The parallel plate 
system allows samples containing particles to be efficiently measured. The gap size can be 
controlled to accommodate a variety of particle sizes. The main disadvantage of using the 
parallel plate system is that the stress is not uniform across the entire diameter. 
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Figure 3.14 A schematic diagram of parallel plate measuring system 
 Concentric cylinders system: also called (cup and pop). Concentric cylinders are 
generally used for lower viscosity samples that would otherwise not be constrained 
within the gaps of cone and plate or parallel plate systems. There are several different 
types of concentric cylinders systems. Figure 3.15 shows three concentric cylinders 
systems that can be used in TA instruments, ddouble concentric, conical end and recessed 
end. 
 
Figure 3.15. Schematic diagram of different concentric cylinders system: (a) Double 
concentric, (b) conical end, (c) Recessed end. 
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3.9 Materials and methods   
 This section describes the experimental procedures used to perform the 
characterization of the waxy oils, namely to measure their rheological properties. Data 
obtained will be discussed in the next section. 
3.9.1  Crude oil samples 
 The three oils as well as their waxes (Faregh, Sarir and Bouri) considered in this 
chapter were characterized using various physicochemical and compositional analyses 
described in the previous chapter. The main characteristics of these oils are reported in 
Table 2.1. (Chapter 2). 
3.9.2 Pre-treatment the crude oil samples 
 As the rheological properties are the key to this research, it was necessary to prepare 
the samples in a systematic manner so that no previous rheological history could affect 
the planned measurements. So previous to any rheological measurement, a pre-
treatment was considered for the preparation of the crude oils samples.  
 The first step of the sample preparation was heating the samples to 10 °C above wax 
appearance temperature (WAT) in opened bottles whilst stirring using agitator for 3 hrs, 
to evaporate the light ends and to achieve a more stable chemical composition. Then, to 
provide samples from the same bottle throughout the whole experimental investigation 
each bottle was divided into small volumes flasks of 10 cm3, and stored at room 
temperature until further analysis.  
 Before each experimental measurement each flask was heated to 10 °C above WAT 
for 20 minutes to erase any previous thermal history or any possible waxy structure of the 
oil. Such a method of preparation is widely used for rheological testing of waxy crude oil 
[68].  
3.9.3 Rheological measurements 
 After the pretreatment process, each pre-treated sample was loaded onto the 
rheometer plate, pre-set at the same preheated temperature, and then cooled to the 
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desired test temperature at 0.5 °C/min. After cooling the sample to the desired 
temperature on the rheometer plate, under a small applied shear rate (2 sec-1), each 
sample was left for 10 minutes before starting any rheological measurements . Each test 
was performed under isothermal conditions. A plastic cover was placed over the 
measuring cell to minimize evaporation. 
Rheometer 
 As mentioned above, the rheometer used in this study is a controlled stress 
rotational rheometer (AR 1000, from TA Instruments). This equipment is appropriated to 
the direct measurements of yield stress and the yielding process of gels and materials 
that contain solidifying particles such as waxy crude oils, the measurements of viscosity, 
creep-compliance tests and oscillatory measurements  
  This rheometer was fitted with a parallel plate measuring system (4 cm diameter, 
steel roughened surface, 500 µm gap). This gap size is thought to be in the appropriate 
range according to recommendations of Marchesini et al. [42], allowing to minimize 
shrinkage effects and optimize temperature control.  
 Three direct measurements were performed: 1) controlled stress test measurements 
were carried out in order to obtain flow curves and viscosity data; 2) Creep-recovery 
tests; and 3) Oscillatory linear tests at low strain amplitude. 
3.9.3.1  Controlled stress test  
 The flow behavior of the gelled crude oils was investigated by shear stress ramps 
(from 0 to 180 Pa) for 5, 10 and 20 minutes to achieve the rate of 36, 18 and 9 Pa min-1 
respectively. Apparent viscosity and yield stress values were measured. For the three oils, 
all measurements were carried out at equivalent temperatures (3, 5 and 9 °C below pour 
point). Four characteristic yield stresses, namely a primary yield stress, a static yield 
stress, fracture yield stress and a dynamic yield stress were described.  
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3.9.3.2  Creep-recovery test 
 The creep-recovery tests were performed on the gelled crude oils at shear stresses 8, 
16, 25 and 32 Pa for one minute and the shear stress was reduced to zero for 20 minutes 
to investigate the effect of shear stress on the creep behavior. Also the effect of the 
magnitude of the applied constant stress of 16 Pa within different time periods 1, 5 and 
20 minutes were studied for two oils (Faregh and Bouri). The measurements were 
performed at a constant temperature, 3 °C below pour points of each crude oil. 
3.9.3.3  Oscillatory test  
 Dynamic test measurements were carried out to measure the viscoelastic 
parameters as a function of time and oscillatory frequency, with particular focus on the 
effect of test temperature. The isothermal time sweep tests at different temperatures 
above and below pour points were performed for each oil at a constant frequency of 2 
rad/s and 60 minutes holding time. The mechanical spectra of the cured waxy gels 
(frequency sweep experiments) were obtained in the frequency range 0.1-100 rad/s 
(0.0159 - 15.94 Hz). For both types of tests, the viscoelastic moduli, the storage modulus 
(G'), the loss modulus (G'') and loss angle (δ), were determined. All measurements were 
performed at a low strain of 0.1 %.   
 Also, in this study, shear stress amplitude tests were performed, In order to 
investigate the yielding process and examine the stability and strength of the structure of 
gelled oils. Oscillatory tests were conducted at fixed low frequency of (1 rad/sec), while 
the shear stress is varied during the amplitude sweep from 0 to 100 Pa. The 
measurements were performed at 3 °C and 5 °C below pour point temperatures for each 
oil. Three yield stresses were described, namely elastic yield stress, a static yield stress 
and flow yield stress. 
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3.10 Results and Discussion 
 Data on rheological properties, steady-shear flow, time-dependent creep and 
dynamic behaviour, of three waxy crude oils used in this study are presented in this 
section. These were Faregh from Waha, Bouri from ENI-Oil and Sarir 3 from Arabian Gulf 
Oil Company of Libya. Recall that these oils have different wax contents, 24, 15 and 13.6 
% respectively, so we may consider that they cover a representative range of waxy oils 
available throughout the world, as well as their pour points of 21, 24 and 12°C, 
respectively. It is interesting at the outset to remark that these pour points are relatively 
high but not abnormal and stress the observation that gelling of waxy crude oils occurs 
commonly at ambient temperatures. In Libya, the temperature changes from about 40 °C 
during the day in summer and autumn to 10 °C during the night. During the winter, the 
temperature can reach around 0 °C in the day time and may drop to values marginally 
below zero during the night.  
 From the review of literature, on the yielding process of the waxy crude oils, it can be 
established that the key element is a proper evaluation of the rheology of the waxy crude 
oils below or near their gel point [31, 40, 57, 77]. Near pour point, the oil starts to lose its 
flowability, i.e. wax deposition and interactions between wax crystals lead to gel 
formation. Thus, the results from the various rheological tests were obtained at 
temperatures near and below the oils pour points and are presented and analyzed in 
detail to define the characteristic flow and mechanical behaviour of three Libyan waxy 
crude oils, aiming to contribute for a suitable solution to reduce the costly problems of 
operation and transportation due to wax precipitation and blockage of the pipelines. The 
results are thus organised in three sub-sections, firstly the characterization of the flow 
behavior of the crude oils, followed by the characterization of the time-dependent 
behaviour and finally the results regarding the viscoelastic behaviour of the three gelled 
waxy crude oils.  
                                                 
3 Technical information about Faregh and Sarir oil  fields are available in Appendix A 
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3.10.1  Flow behavior of the crude oils below their pour point temperatures 
 From a basic rheological point of view, to achieve steady state operating conditions, 
and to manage the subsequent stresses required once the start-up after shutdown has 
been successful, it is necessary to know the oil apparent viscosity, how it depends on the 
applied stresses and how it changes with time, so that the operating stresses/pressures 
can be reduced and consequently the cost kept to a minimum. In order to assess the oil-
gel structure state and predict the yield stress, the flow behavior of the three Libyan waxy 
oils mentioned above was studied at temperatures below pour point. All tests were 
performed with the same temperature history and by applying the same controlled 
cooling profile.  
 In all cases, the oils were cooled from the high temperature imposed (samples 
heated 10 °C above WAT as described in section 3.9.2, to avoid memory effects). These 
temperatures were 53 °C for Faregh oil, 59 °C for Sarir oil and 39 °C for Bouri oil. After 
loading the samples onto the rheometer plate, heated to the above temperature 
depending on the sample, each sample was cooled in-situ at a pre-specified cooling rate 
(0.5 °C/min) down to the test temperatures of 18, 16 and 12 °C for Faregh oil (pour point 
21°C), 21, 19 and 15 °C for Sarir oil (pour point 24°C) and 9, 7, and 3 °C for Bouri oil (pour 
point 12°C), hence corresponding to temperatures 3, 5 and 9 °C below the pour point of 
each oil. A subsequent holding time (10 min) was then applied at the desired test 
temperature before each experiment to allow the gel network to mature [35]. After that, 
the measurements were conducted under controlled shear stress mode, by applying a 
stress ramp from 0 to 180 Pa, during 10 minutes (ramping rate of 18 Pa/min), and 
recording the resulting shear rate, and consequently, the apparent viscosity. The 
measurements were carried out three times for repeatability. 
3.10.1.1  Shear data to measure the variation of apparent viscosity at different 
temperatures 
 Under the applied stress, the structure will gradually break in time until flow begins. 
Estimation of the effect of the same stress loading rate (time scale) on apparent viscosity 
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was carried out at equivalent temperatures below the pour points for the three oils (3, 5 
and 9 °C below pour point) as mentioned above.  
 Figures 3.16 to 3.18 present the data of viscosity as a function of applied stress for 
Bouri, Sarir and Faregh oils, respectively, at the three tested temperatures. The crude oils 
show non-Newtonian shear thinning (viscosity reduction with increasing shear rate) 
behavior over the range of shear stresses studied. The results mimic the gradual 
development of viscosity before and at the beginning of re-start flow. As it can be seen, 
Two different regimes, a rapid decline regime (b-c), corresponding to an infinite viscosity 
as the shear rate approaches zero supporting the existence of true and significant yield 
stress, and a lower gradual decrease in viscosity as the shear stress increases, regime (c-
d), i.e. viscosity changes are larger at low shear stresses (regime b-c) than at higher shear 
stresses (regime c-d). 
 For example, as shown in Figure 3.16 for Bouri oil at 9°C, during the first regime the 
increasing applied stress causes the viscosity to drop drastically,  falling from 
approximately 4551 Pa.s (point b) to a low value of 229.2 Pa.s (point c) within stress range 
of (55 to 75) Pa. Lower gradual decrease of viscosity was observed during the second 
regime, decreasing to a lower value of 9.88 Pa.s (point c) at the end of the measurement. 
The pronounced decrease in viscosity with applied stress (or shear rate) is likely 
associated to the breaking of the existing structure within the oils, decreasing the 
aggregation among the wax crystals and/or allowing for an effective dispersion of wax 
agglomerates in the continuous phase originally immobilized within the agglomerate. As 
the shear rate increases, the chain type molecules disentangled, stretched, and 
reoriented parallel to the driving force, and hence reduced the heavy crude oil viscosity 
and the flow encounters less resistance at higher shear rates [112]. A similar qualitative 
behavior can be observed at temperatures of 7 and 5 °C for Bouri oil, and also for the 
other oils.   
 Bouri oil shows more stable aggregates of the waxy structure forming the first 
regime than Sarir and Faregh oils. for example at 3°C below pour point for each oil, the 
viscosity reduction was about 94%, while the reduction is more than 99% for Sarir and 
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Faregh oils respectively.  The high yield stress value (higher than 180 Pa) of Faregh oil at 
12 °C precluded the rheological measurement. 
 
Figure 3.16 Apparent viscosity variation with applied shear stress for Bouri crude oil at 
different temperatures [stress loading rate=18 Pa/min]. 
 
Figure 3.17 Apparent viscosity variation with applied shear stress for Sarir crude oil at 
different temperatures [stress loading rate=18 Pa/min].  
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Figure 3.18 Apparent viscosity variation with applied shear stress for Faregh crude oil at 
two different temperatures [stress loading rate=18 Pa/min]. 
 Figure 3.19 displays the effect of temperature on viscosity at shear stress of 100 Pa at 
the studied temperatures. As it can be seen the temperature has a strong effect on the 
oil’s viscosity. The apparent viscosity decreases with increasing temperature. For example 
the viscosity of Faregh oil decreased from 5.07 Pa.s to 1.442 Pa.s (about 72%) with 
decreasing temperature from 18°C to 16°C. The observed variation with temperature is 
attributable to crystallization of wax components and possible aggregation at lower 
temperatures, hence increasing the oil viscosity. With increasing temperature, the 
ordered structure of the aggregates of these chemical components decreases, thus 
reducing the oil viscosity [108]. Comparing the apparent viscosity of the three oils, and for 
the same decrease of temperature below PP, we can observe that Bouri has higher 
viscosity values than Sarir and Faregh oils. 
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Figure 3.19 Apparent viscosity at the different studied temperatures for the three oils at 
shear stress=100 Pa. 
 
 In order to understand the behavior of theses oils more clearly, the characteristic of 
each oil will be described in details in terms of its yielding during the shearing process in 
the next subsection. 
3.10.1.2 The yielding process of the three waxy crude oils 
 As discussed before (section 3.8.1) the yield stress of crude oils is an important 
technological parameter and its knowledge is of great importance to define the more 
appropriated protocol to restart plugged pipelines. Here we have calculated the yield 
stress values following the criterium of Chang et al. [57], who defined three yield stresses 
to characterize the initial yielding of a waxy crude oil: τe, the elastic-limit yield stress, 
below which the fluid exhibits a linear elastic response; τs, the static yield stress, the 
stress at the starting point of immediate fracture or flow; and τd, the dynamic stress, an 
extrapolated shear stress at zero shear rate obtained from the flow curve or from an 
instantaneous flow curve corresponding to a given sheared state. 
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 Figures 3.20 to Figure 3.27 display representative flow curves for Bouri, Sarir and 
Faregh oils obtained for the temperatures under consideration.  
 The stress was gradually increasing with no shear flow reported till the first yield 
stress is reached. The shear rate of the samples was monitored to find the breaking point 
of the gel. The breakage is considered to have occurred when the shear rate starts to 
increase rapidly (point C).  
 Figures 3.20 -3.22 show the yielding process of Bouri oil and the location of the shear 
stress values that characterize that process accordingly to the criteria mentioned above. 
The elastic limit yield stress is independent of the time scale of the measurements and 
can be evaluated by creep-recovery or oscillatory tests [57]. It cannot be accurately 
determined from these measurements because of the resolution of the rheometer, as the 
shear rate in those region is very small. Here we tentatively determined a primary yield 
stress (τp) corresponding to the beginning of flow (shear rate 0), an approximation to the 
beginning of the creep region, the the static (τs) and the dynamic yield stress (τd). 
 
Figure 3.20 - Flow curve for Bouri oil: Shear stress vs shear rate during the yielding 
process at 9 °C [stress loading rate=18 Pa/min] . 
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 The data recorded before point B show that the shear rate increases gradually with 
the increasing shear stress during creep process , therefore in this discussion, the first 
value recorded by the rheometer, point a, is defined as the primary yield stress. For 
instance, as it can be seen from Figure 3.20, for Bouri oil at 9 °C, no data were recorded 
before the shear rate reaches 0.0121 s -1 at a shear stress of 55.11 Pa (point a). Point B 
represents approximately the end of the creep region, after which a slight increase in 
stress leads to even a larger increase in shear rate, corresponding to the region B-C 
(fracture) where the structure is expected to be completely destroyed, being the stress at 
point B the static limit yield stress. The curve segment between C and D (the flow curve 
after yielding) corresponds to a shear-thinning (pseudoplastic) behavior, following a 
power law model.  
 Dynamic yield stresses are describing the oil properties at the final sheared state 
were the structure of the oils are finally broken through sustained shear (after point C). 
However as it was not possible to estimate the values of dynamic yield stress using the 
power law model (Herschel Bulkely model) because of the complex behavior of these oils, 
i.e. the mathematical solution provides zero values for some cases, such as Bouri and 
Faregh oils. Dynamic yield stresses were instead estimated by extrapolating the flow 
curves in the region C-D to zero shear rate and used as stress value to get more 
information about the liquid-like behavior of the broken gelled crude oils (viscous 
behavior). As mentioned above, the Faregh oil also showed a slightly different yielding 
pattern (Figures 3.26 and 3.27). Under the test conditions used, there was not possible to 
identify the creep region before the fracture, thus a primary yield stress was not 
calculated. This behavior is probably related to a different structure of the wax crystals 
aggregates. 
 Qualitatively similar flow and yielding behaviors were observed for the other oils at 
the studied temperatures. The yield stress values obtained and also the shear stress 
corresponding to the end of fracture (point C) are shown in Table 3.2. 
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Figure 3.21 - Flow curve for Bouri oil: Shear stress vs shear rate during the yielding 
process at 7 °C [stress loading rate=18 Pa/min]. 
 
Figure 3.22 - Flow curve for Bouri oil: Shear stress vs shear rate during the yielding 
process at 3 °C [stress loading rate=18 Pa/min]. 
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Figure 3.23 - Flow curve for Sarir oil: Shear stress vs shear rate during the yielding 
process at 21 °C [stress loading rate=18 Pa/min]. 
 
Figure 3.24 - Flow curve for Sarir oil: Shear stress vs shear rate during the yielding 
process at 19 °C [stress loading rate=18 Pa/min]. 
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Figure 3.25 - Flow curve for Sarir oil: Shear stress vs shear rate during the yielding 
process at 15 °C [stress loading rate=18 Pa/min]. 
 
Figure 3.26 - Flow curve for Faregh oil: Shear stress vs shear rate during the yielding 
process at 18 °C [stress loading rate=18 Pa/min]. 
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Figure 3.27 - Flow curve for Faregh oil: Shear stress vs shear rate during the yielding 
process at 16 °C [stress loading rate=18 Pa/min]. 
 To obtain some information about the shear-thinning flow behavior of the 
gelled oils after fracture, we have applied the Herschel-Bulkley model (section 3.7.1), 
Equation 3.1,  to the shear stress – shear rate data corresponding to the flow region C-D, 
by keeping 0 as a constant value, equal to the extrapolated dynamic yield stress. The 
Herschel-Bulkley equation describes the flow behaviour of shear thinning fluids that 
require some stress to initiate flow (dynamic yield stress). This kind of fluid will not flow 
until the applied shear stress exceeds a certain minimum value (τ0) which is interpreted as 
yield stress. Table 3.1 shows the Herschel-Bulkley parameters obtained from the fitting of 
Equation 3.1 to the flow curves (region C-D) of the three oils at the temperatures under 
study. 
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Table 3.1. Rheological parameters and correlation coefficients values of Herschel-
Bulkley model for the investigated Libyan oils 
Oil sample Temperature
/°C 
K n τ0 (a)      R2 
Bouri 9 
7 
3 
31.42 
39.86 
52.68 
0.514 
0.546 
0.769 
65 
83 
107 
0.991 
0.993 
0.994 
Sarir 21 
19 
15 
5.97 
6.5 
7.00 
0.524 
0.525 
0.570 
47 
60 
101 
0.997 
0.996 
0.995 
Faregh 18 
16 
12 
4.37 
9.72 
….. 
0.545 
0.599 
….. 
41 
59 
(b) 
0.993 
0.990 
….. 
(a) Values of Dynamic yield stress (Pa) 
(b) Yield stress higher than 180 Pa 
 Table 3.1 reports very high regression correlation coefficient, R2, for all oils, meaning 
that within the region C-D the flow follows the expected power law behavior.  Values of n 
for the three oils are lower than one meaning that the oils exhibit similar flow behavior 
(shear-thinning behavior is taking place after fracture). However, the consistency index 
(K) and the flow behaviour index (n) are increasing with decreasing temperature for the 
three oils which means higher values of viscosities of the oils with decreasing 
temperature. 
 The important observation in all this data is that there is a significant difference 
between the K values with decreasing temperature for Faregh than for the other oils, 
which confirms the significant difference in viscosity with deceasing temperature for this 
oil leading to very high yield stresses at lower temperatures (greater than 180 Pa at 12°C).  
                                                               Rheological Characterization of some Libyan Waxy Crude Oils 
92 
 Bouri oil displays higher K values (31.4-52.68) than Sarir (5.28-6.47) and Faregh oil 
(4.37-9.72) falls in between them, which indicates that a higher stress is necessary to 
break the structure of aggregated wax crystals. As previously discussed Bouri oil has the 
highest values of viscosities at the investigated conditions  (with exception of Faregh oil at 
a temperature far from PP, T=12°C). This can be seen clearly in Table 3.2 in the values of 
static yield stress. 
Table 3.2 Yield stress values for the studied oils measured under a loading rate of 18 
Pa/min.  
Oil sample Temperature, 
(° C) 
Primary yield 
stress/ τp, Pa 
Static yield 
stress/ τs , Pa 
Fracture yield 
stress/ τf, Pa    
(a) 
Dynamic yield 
stress/ τd , Pa 
Bouri 9 
7 
3 
55 
72 
91 
62 
80 
102 
75 
96 
117 
65 
83 
107 
                
Sarir 
21 
19 
15 
31 
44 
79 
38 
53 
88 
51 
68 
112 
45 
60 
101 
Faregh 18 
16 
12 
……. 
……. 
(b) 
46 
74 
(b) 
51 
80 
(b) 
41 
59 
(b) 
(a) Stress at the end of fracture, starting of viscous (shear-thinning) flow 
(b) Yield stress higher than 180 Pa 
 
 As shown in Table 3.2, the fracture yield stress is an alternative to the yield stress 
here proposed to be used to describe the required stress for the oils after initial flow i.e. 
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the essential stress to continue and guarantee flow instead of dynamic yield stress for 
such complex crude oils.  
 The values of static yield stress of theses oils are inferior to the values of dynamic 
yield stress for Bouri and Sarir oils. This behavior is probably due to some factors that 
affect waxy crude oils during yielding process; from solid like to viscous like fluid; such as 
shear and thermal histories, thixotropic effects as well as the gel composition of the oils.  
It is also shown in Table 3.2 that the values of fracture yield stress are higher than static 
yield stress which means that after fracture a higher stress is necessary to keep the oil 
flow due to this complex behaviour, as discussed above.   
 Yield stresses of waxy crude oils are known to be strongly influenced by the degree 
of interlocking structure developed by waxing and instability of the network [109]. As 
expected, the results of the yield stresses in Table 3.2 indicate that the waxy structure 
strongly depends on the temperature of the oil. As the temperature decreases, a higher 
stress must be applied in order for the yielding to occur. For example, for Bouri oil, the 
static yield points, decrease with temperature from 102 Pa at 3°C to 62 Pa at the 
temperature of 9°C. Similar trends were observed for the other oils. 
 Comparing the three oils for a similar decrease in temperature below the pour point, 
Bouri oil shows the highest static yield stresses and Sarir oil the lowest (not considering 
the particular behavior of Faregh oil far from the pour point, at T=12°C). The static yield 
stress, corresponding to the shear stress required to start flow, is dependent on the 
nature of the micro-structure of the wax crystals in the oils before the structure is 
disturbed [57]. Therefore we may expect that for Bouri oil the interactions between wax 
crystals are more extensive. The existence of some heavy paraffins from C36 to C40 as well 
as the percentage of non-alkanes, above 20 wt% in Bouri oil may contribute to more 
rigidity for this oil than Faregh and Sarir oils, where the aggregate structures of Bouri oil 
are much more stable against the applied stress than those present in Faregh or Sarir oils.  
 Figure 3.28 shows the variation of static yield stress with temperature for the three 
oils. Lower temperatures lead to the formation of stronger aggregates, hence increasing 
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the gel strength. It is important to recall that for Bouri and Sarir oils a similar dependence 
of the static yield stress on temperature was observed, but Faregh oil showed a more 
pronounced temperature effect on the yielding, probably related to a different micro-
structure and interactions between the crystals.  
 
Figure 3.28- The effect of temperature on static yield stress of the investigated oils 
   Sarir presents the highest n-paraffin content, 92.66%, but its static yield stress is 
inferior to Bouri oil. This is a clear indication that the gel strength is not only dependent 
upon the n-paraffin content as previously suggested [47, 53]. Similarly, Faregh at 18 & 16°C 
(temperatures close to PP) and Sarir while presenting higher wax contents, of 24 and 15% 
respectively, their static yield stresses are inferior to that of Bouri oil. This is a clear 
indication that the gel strength is dependent upon other factor than just the wax content 
as previously proposed [48, 52]. It is thus important to investigate more carefully the gel 
strength dependence on the nature of the wax precipitates at temperatures near pour 
point. 
 Controlled stress tests enable the direct measurement of the yield stress in order to 
obtain the true yield stress (static yield stress value during fracture process) which is the 
value of most interest to pipeline engineers and the one most often used as the yield 
point [31,57].  In fact, for a gelled crude oil inside the pipeline, solving the start-up problem 
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implies applying a constant pump pressure greater than that required to overcome the 
static yield stress of the gelled oil. Although the static yield stress could be easily obtained 
from the simple direct measurements using the controlled stress test, as discussed above, 
its practical application to pipeline design is not straightforward since this measured static 
yield stress strongly depends on the time scale of the measurement, i.e., the stress 
loading rate applied during the test. The wax crude oils are time-dependent materials and 
therefore the static yield stress is dependent on the time scale of the test. 
 The flow curves presented in this Section illustrate the complex rheological 
characteristics of the waxy crude oils below their pour point temperatures. Creep and 
oscillatory tests at low deformation temperatures will be valuable complementary 
techniques to characterize the time-dependent and solid-like behavior of these gelled 
oils, namely in the elastic region, and will be discussed below.  
 In order to get further information regarding this aspect, the yielding behavior was 
also studied using different stress loading rates, as discussed in the next subsection. 
3.10.1.3  The Effect of different time scales on the strength of waxy crude oils  
 It is important to carry out flow experiments at different stress loading rates to 
capture the effect of shearing time on the viscosity and yielding. In order to select the 
best conditions of applied stress and loading time, i.e. when starting a gelled pipeline, it 
may be that much lower stresses (pressures) are required but for a comparatively longer 
time, but not excessively long to justify not going for very high stresses, even so they 
necessarily would require shorter loading times to start up the pipeline, and vice-versa. It 
is also useful to analyze the variation of apparent viscosity under an applied stress ramp 
while the stress loading rate is varied.  Such information will provide a complete picture 
of the oil behavior and will enable to provide the pipeline operators the required data 
regarding stress and viscosity. Predicting those rheological behaviors are important for 
evaluating the flow development and the time to re-establish steady state flow, i.e. how 
time affects the oil apparent viscosity, what parameters impact the yield stress 
development in a pipeline shutdown, and how those properties will behave during the 
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flow restart for the successful design/operation of pipelines and pumping of waxy crude 
oils, which is very costly if not carried out wisely.  
 The objective of this section was to study the effect of stress loading rate on the 
strength of the two gelled oils (yield stress and apparent viscosity as a function of the 
applied stress), in order to better understand what conditions may be more appropriated 
for the re-start of a pipeline. The shear stress ramp in these experiments also ranged from 
0 Pa up to 180 Pa, applied over a period of 5 and 20 minutes (stress loading rate of 36 and 
9 Pa/min, respectively), for two different temperatures, 9 and 21 °C for Bouri and Sarir 
oils, respectively (3 °C below the pour point of each oil). Once data for the two different 
loading rates, 9 and 36 Pa/min were obtained, they were compared with the previous 
results obtained at a stress loading rate of 18 Pa/min, at the same temperature. The 
measurements were carried out three times for repeatability. 
 Figures 3.29 - 3.30 display the data of viscosity as function of applied stress , at 
constant temperature and the three different stress loading rates, for Bouri and Sarir oils, 
respectively. 
 A similar dependency of the viscosity on the stress loading rate is observed for the 
two oils. The crude oils show non-Newtonian shear thinning behavior over the range of 
shear stresses studied. 
 Concerning the discussion in the previous section, two different regimens can be 
seen: rapid decline regime (b-c) corresponding to an infinite viscosity, and lower gradual 
decrease in viscosity variations as the shear stress increases, in the second regime (c-d). 
 As shown in Figure 3.29 for Bouri oil at a stress loading rate of 9 Pa/min, during the 
first regime the increasing applied stress causes the viscosity to drop drastically, falling 
from approximately 4782 Pa.s (point b) to a low value of 338.8 Pa.s (point c) within a 
stress range of (64 to 79) Pa. Lower gradual decrease of viscosity was observed during the 
second regime, decreasing to a lower value of 8.74 Pa.s (point d) at the end of the 
measurement. Similar qualitative behavior can be observed at a stress loading rate of 36 
and 18 Pa/min for Bouri oil, and also for the other oil.   
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 The time scale of the measurements has a strong effect on the oil’s viscosity. The 
apparent viscosity increases with increasing time scale, i.e. viscosity expressing more 
resistance to deformation with decreasing stress loading rate. For example at (point c) 
when the stress loading rate decreases from 18 Pa/min to 9 Pa/min the viscosity of Bouri 
oil increases from 4551 Pa.s to 4782 Pa.s.  
 The observed viscosity variation with stress loading rate indicates that the slower the 
loading rate the stronger the structures. This is attributable to waxes and some other 
components in the crude oils. At lower stress loading rates (longer time scale), the 
structure of some destroyed aggregates of these chemical components will have a chance 
to rebuild up structures of aggregates, hence increasing the oil viscosity with more time. 
This behaviour is easily explained in relation to the significant time dependent properties 
throughout the time scale of the test, i.e. these waxy crude oils have a structure, their 
yield stress itself is time dependent. 
 
Figure 3.29 The effect of stress loading rate on viscosity for Bouri oil (T=9°C). 
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Figure 3.30 the effect of stress loading rate on viscosity for Sarir oil (T=21°C). 
 Figure 3.31 displays the effect of time scale on the apparent viscosity at shear stress 
of 70 Pa. Comparing the apparent viscosity of the two oils, we can observe that Bouri oil 
has higher viscosity values than Sarir oil at the three different time scales. As discussed 
above the time scale of the measurements has a strong effect on the oil’s viscosity. For 
example the viscosity of Sarir oil was decreased by about 52 % with decreasing the time 
scale from 20 to 10 min. 
 
Figure 3.31 The effect of time scale on the apparent viscosity for Bouri and Sarir oils 
[shear stress =70 Pa]   
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 Clearly the time scale of the measurements is important in order to characterize the 
time-dependent behavior of these gelled crude oils, as this kind of complex systems are 
known to show a thixotropic behavior, dependent on shear history, what is an important 
feature of waxy crude oils [104, 105, 110].  
 As previously discussed regarding the yield stresses of the crude oils (See Table 3-2), 
these parameters depend on the nature of the oil, temperature. Below pour point, the 
wax in the oil will precipitate and gradually build up a layer of agglomerates on the wall of 
the pipe which grows in time. The key information to restart the pipe is to know the 
minimum stress required to overcome the structure and induce flow. The data here 
obtained will be used to discuss the effect of the time scale on the static and fracture 
yield stresses. Dynamic stresses, which describe oils property after fracture were also 
considered at the different times scales.  
 Figures 3.32 to 3.35 display the flow curves for the two oils obtained at different 
loading rates at the investigated temperatures. At a stress loading rate of 36 Pa/min, a 
similar pattern in the yielding process of Bouri and Sarir oils was observed (Figures 3.33 
and 3.35 respectively). As discussed earlier in the previous subsection, the data recorded 
before point B show that the shear rate increases gradually with the increasing shear 
stress during creep process, therefore the increasing pattern of shear rate following point 
B represents the fracture process or the static limit yield stress, hence point B and C is 
describing the static and fracture yield stresses of the oil.The curves becomes finally a 
sharply rising incline, segment (C-D), which represents the shear process after the yielding 
as the microstructure of the oil is destroyed. The curve segment between C and D 
corresponds to a shear-thinning behavior, following a power law model.  
 As already argued in the previous subsection, here it also was not possible to 
estimate the values of dynamic yield stress using Herschel-Bulkely model for Bouri oil.  
Dynamic yield stresses were instead estimated by extrapolating the flow curves in the 
region (C-D) to zero shear rate and then used as stress value to assess more information 
about the liquid like behavior of the broken gelled crude oils. 
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 At a stress loading rate of 9 Pa/min, another representative pattern in the yielding 
process was observed for the two oils, a slightly different yielding pattern (Figures 3.32 
and 3.34). Under these conditions it was not possible to identify the creep region before 
the fracture. As discussed before, the region (B-C) represents the fracture process 
followed by the final fracture of the samples, region (C-D).  Point B is defined as static 
yield stress and point C is the fracture yield stress.  
 
Figure 3.32 Flow curve for Bouri oil (Stress loading rate=9Pa/min, T=9°C). 
 
Figure 3.33 Flow curve for Bouri oil (Stress loading rate=36Pa/min, T=9°C). 
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Figure 3.34 Flow curve for Sarir oil (Stress loading rate=9 Pa/min, T=21°C). 
 
Figure 3.35 Flow curve for Sarir oil (Stress loading rate=36 Pa/min, T=21°C). 
 Having explained the information obtained from the Figures 3.32 to 3.35, they are 
now discussed specifically in relation to the stress loading rate for each oil, how it varies 
with time scales and a comparison made between them.  
 Here we have applied the Herschel-Bulkley model (Equation 3.1) to obtain some 
information about the shear-thinning flow behavior of the two gelled oils after fracture.  
The parameters of the Herschel-Bulkley model and correlation coefficients values as well 
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as the values of dynamic yield stresses, at three different loading rates , obtained from the 
flow curves for each oil are displayed in Table 3.3. 
Table 3.3. Rheological Parameters and Correlation Coefficients values of Herschel-
Bulkley model for the investigated Libyan oils at different stress loading rates. 
Oil sample Loading rate, 
Pa/min 
K n τ0(a) R2 
 
Bouri(T=9°C) 
9 
18 
36 
34.43 
31.42 
24.44 
0.548 
0.514  
0.481 
71 
65 
67 
0.986 
0.991 
0.991 
 
Sarir(T=21°C) 
9 
18 
36 
6.01 
5.97 
5.74 
0.540 
0.524 
0.497 
56 
47 
35 
0.999 
0.997 
0.997 
(a) Dynamic yield stress (Pa). 
 Table 3.3 reports very high regression correlation coefficient, R2, for the two oils, 
meaning that Herschel-Bulkley model describes adequately the flow behavior of the 
crude oils within the region C-D. This observation suggests that the two oils exhibit similar 
flow behavior, pseudo-plastics (n < 1) under the conditions used. 
 The consistency index (K) and  the flow behaviour index (n) decrease with increasing 
stress loading rate for the two oils which means lower values of viscosities with increasing 
stress loading rate.  
 Bouri oil displays higher values of the consistency index (K) than Sarir which indicates 
that a higher stress is necessary to breakdown the structure of aggregated wax crystals as 
previously suggested. This can also be clearly seen in Table 3.4 in the values of static yield 
stress. 
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Table 3.4 Comparison of the yield stresses of Bouri and Sarir oils at different loading 
rates. 
Oil sample Loading rate, 
Pa/min 
Static yield stress/  
τs , Pa 
Fracture yield 
stress/ τf , Pa 
Dynamic yield stress/  
τd , Pa 
 
Bouri(T=9°C) 
 9 
18 
36 
 64 
 62 
56 
     79 
     75 
     76 
        71 
    65 
    67 
 
Sarir (T=21°C) 
 9 
18 
36 
46 
38 
25 
64 
53 
42 
    57 
    47 
    35 
 The results of the static yield stresses in Table 3.4 indicate that the gelled waxy 
structure is influenced by the stress loading rate. In general, for the same crude oil, with 
the increase in the stress loading rate of the oil the static yield stress decreases. For 
instance, the static yield stress of Bouri oil increased about 13% with decreasing the 
loading rate from 36 to 9 Pa/min and increased about 80% for Sarir oil with decreasing 
the loading rate from 36 to 9 Pa/min respectively. 
 As stated above, the increasing of the static yield stress with decreasing stress 
loading rate for the two oils suggests the development of stronger crystals that 
agglomerate together into a more rigid network structure. It’s important to recall that 
Sarir oil shows a more pronounced dependence of yielding on the loading rate, probably 
related to a different micro-structure and interactions between crystals. 
 The important observation in all data above is that, crude oils are not just affected by 
the gel strength but also by the time scale of the measurements available for the 
microstructure of the gelled oil. Slow loading rates produce stronger structures requiring 
higher stresses for flow to commence. This may indicate that the pump pressure required 
to initiate a pipeline flow not only is controlled by the strength of the wax structure of the 
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oil in the pipeline but also is dependent on how quickly the pipeline is started. Since a 
lower time scale leads to both a lower static and a lower dynamic yield stress. 
  These results are the opposite of Chang et.al and Ronningsen’s observations [35, 57], 
who ascertained that reducing the time scale of the measurements leads to both a higher 
static and a higher dynamic yield stress. Different characterization of different waxy oils 
can be seen in terms of the effect of stress loading rates. These observations suggest that, 
each waxy crude oil should be characterized individually to determine its yielding 
properties as a function of stress loading rate before any design or computation is carried 
out for re-start-up prediction. 
 The implication for the actual restarting pipeline of these oils is clear. For these 
Libyan waxy crude oils these results suggest that the pump pressure to restart a pipeline 
should be increased as high as possible, since lower operation will require long time scale 
that improves robust structure of crude oils requiring higher stress to initiate flow.  
 Flow characterization tests tell how a material is likely to flow under an imposed 
constant shear rate or shear stress and provide important information on yield stresses. 
Flow characterization do not however give complete information on viscoelastic 
properties of crude oils. To measure material viscoelastic properties, time dependent 
(creep) testing and oscillatory techniques are used. Consequently, some work is reported 
in the next two sections to clarify the behavior by further studies , and to develop and 
extended rheology knowledge on these particularly complex fluids.  
3.10.2 Creep recovery test measurements at different constant stresses and different 
time scales 
 As discussed in the previous subsection, the elastic limit yield stress  cannot be 
determined from steady increasing the applied stress (stress ramp in a flow test) since in 
the elastic region the corresponding shear rates would be very small and below the 
instrument resolution. Consequently, in this subsection we are concerned with two yield 
stresses, elastic yield stress and static yield stress limits, which are the ones most 
important for the initial fracture of gels in pipeline restarting flow.  
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 As explained in the experimental method, the oil samples were first conditioned to 
remove all their shear and thermal memory and processed from a fluid state (39 °C for 
Bouri, 59 °C for Sarir and 53 °C for Faregh oil) and cooled down to a set temperature of 9 
°C for Bouri oil, 21°C for Sarir oil and 18°C for Faregh oil at a pre-specified cooling rate. A 
subsequent holding time was then applied at the desired test temperature before each 
experiment.   
 In the creep experiments, the measurement of static and elastic yield stress limits 
was achieved by applying different shear stresses. If this shear stress is sufficient to get 
fracture at a specified time then the observed behaviour corresponds to the yielding of a 
solid, with the initial deformation being similar to an elastic solid followed by creep and 
fracture, after which the gelled oil begins to flow as a liquid. In this case, in order to 
measure the elastic and static yield stresses  the stress must be reduced below this value. 
Therefore in this sub-section, different constant shear stresses were imposed over a 
specific period of time and then removed abruptly while recording the resulting strain 
recovery over time, in order to study the yielding behavior. Constant stress was also 
applied over different times to obtain a clear picture of the time dependent behaviour 
associated to the yielding process under constant applied stress.  
3.10.2.1  Creep - recovery tests under different constant stresses 
 Creep - recovery tests were performed under different applied stresses, 8, 16, 25 and 
32 Pa, maintained at a constant temperature mentioned above (3°C below pour point of 
each crude oil). Measurements of strain were then recorded over 1 minute under the 
applied stress (creep), and then during further 20 minutes after the stress was abruptly 
reduced to zero (recovery). 
 Figures 3.36 to Figure 3.38 present typical creep-recovery curves obtained for the 
three oils, Faregh, Sarir and Bouri, respectively. The data presented in these figures reveal 
that the recovery depends on the stress applied to the oil. For example the data displayed 
in Figure 3.36, which are those for Faregh oil, show complete strain recovery after the 
stress is removed for an applied stress of 8 Pa, indicating that the applied stress is below 
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the elastic limit and the crude oil responds as an elastic solid, with no irreversible 
deformation. Partial recoveries of the strain after the stress is removed for applied 
stresses of 16 and 25 Pa indicate that both elastic and plastic deformations are involved in 
the creep. However, after the stress is removed at 16 and 25 Pa, the gelled oil only 
recovers about 90 and 68% respectively. This indicates that the microstructure in the 
gelled oil upgrades gradually from viscoelastic state to the solid like state faster by 
lowering the stress. The applied stresses were below the static yield stress values. 
  The results, obtained after one minute creep at 8, 16 and 25 Pa show how strain 
decays with time during 20 minutes recovery. Again, from a microscopic perspective, the 
results illustrate how the structure of the gelled oil that have had the same time to 
reform, lead to different strain decays over time depending on the applied strain.  
 Finally with the stress of 32 Pa it is observed an abrupt increase of the strain during 
the transition from the viscoelastic state to the liquid regime. This rapid destructuring is 
describing the fracture of Faregh oil with a completely unrecoverable state as the strain 
increases dramatically in short time exceeding the static yield stress of the crude. The 
structure of the oil degrades from the initial elastic solid like state to the viscoelastic state 
and finally to the viscous state in less than 5 seconds. 
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Figure. 3.36 Creep-recovery test: Faregh oil under different stresses [T=18°C]. 
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Figure 3.37 Creep-recovery test: Sarir oil under different stresses [T=21°C]. 
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Figure 3.38 Creep-recovery test: Bouri oil under different stresses [T=9°C]. 
 Two stress transitions can be defined from the results in the creep-recovery test. The 
first is between curves at stresses of 8 and 16 Pa, and the other is between curves at 
stresses of 25 and 32 Pa. The first transition may be described as the elastic limit yield 
stress, τe. The elastic-limit yield stress may be predicted to be in the 8-16 Pa range. An 
applied stress lower than this will only produce an elastic recoverable deformation, a 
stress higher than the elastic limit yield stress will cause creep, which will partially 
damage the waxy structure, if the stress is not sufficiently high to produce fracture.   
 The other transition is essentially the static yield stress, τs. A stress higher than the 
static yield stress limit will destroy the waxy structure completely. The oil after the 
destruction displays a typical viscous behaviour, with very high strain.  A lower stress will 
not destroy the structure in a reasonable time. Therefore, the static limit yield stress 
value is in the range of 25-32 Pa. 
 For the sake of comparison, the same stresses have been determined for Sarir and 
Bouri oils. Similar features were observed for Sarir oil, as shown in Figure 3.37. A 
complete strain recovery was also observed after removal of an initial applied stress of 8 
Pa, indicating that the wax structure was completely reformed, i.e. the applied stress is 
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below the elastic limit and the crude oil responds as an elastic solid. Partial recovery of 
the strain after the stress is removed at 16 Pa and 25 Pa indicates that both elastic and 
plastic deformations are involved in the creep. However the gel of Sarir oil at 16 and 25 
Pa, only recovers about 28 and 20% of the total strain, respectively. Comparing the (% 
recovery) of the total strain for the two oils we can observe that Faregh has stronger 
partially recoils back recovery values than Sarir oil, indicating stronger gel strength. 
However, as for Faregh oil these two stresses are below the static yield stress values.  
 Once again, with subsequent increase of the stress to 32 Pa, a fracture was observed 
after which the gelled oil begins to flow as a liquid with unrecoverable strain. Based on 
measurements with an applied stress time of 1 min, the elastic-limit yield stress, τe, may 
be predicted to be in between 8-16 Pa and the static limit yield stress value, τs, in the 
range of 25-32 Pa. Consequently, the yielding process for both Sarir and Faregh oils may 
be recognised to follow the sequence of elastic deformation, viscoelastic creep, and final 
fracture.  However, despite the fact that the results suggests similar range of elastic and 
static yield stresses limits for Faregh and Sarir, it would be desirable to measure further 
values of stresses in between 25 and 32 Pa. For instance Sarir oil may develop breaks in 
the structure, at stresses below 32 Pa, as the recovery of the strain after the stress is 
removed was of just 20 % at a stress of 25 Pa. A similar behavior observed for the elastic 
yield stress limit, suggesting values of stress less than 16 Pa may approximate the elastic 
yield stress limit more accurately.  
 In the graph of Figure 3.38 for Bouri oil, partial recovery of the oil after the stress is 
removed was observed at all the suggested stresses. The oil recovered about 98, 91, 55 
and 48% of the total strain imposed at the stresses of 8, 16, 25 and 32 Pa respectively. 
Partial recovery of the oil at stress of 8 Pa indicates that the elastic yield stress is expected 
to be less than 8 Pa. A similar partial recovery of the oil observed at stress of 32 Pa 
indicates that the static yield stress is expected to be higher than 32 Pa.  
 A higher stress is then necessary to produce a fracture with a creep of time of 1 
minute for Bouri oil. This characteristic, which is observed for Bouri oil, refers to the 
nature of the breakage of the wax crystals . Comparing the three oils at a similar stress 
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applied, Bouri oil shows relatively stronger partially recoils and back recovery values than 
the other oils, indicating a stronger gel strength. The results of creep tests confirm the 
results obtained in the previous subsection.  
 Having highlighted the importance of a sequence of creep tests using a varied range 
of shear stresses, we now must consider the effect of the creep time on gelled oil at a 
specified stress. We would expect the yielding to be sensitive to time as considered by 
some authors [21, 23], and therefore the possibility for the gel to recover partially or 
completely will depend on the stress magnitude and loading time.  
3.10.2.2 The effect of creep time 
 The measurements here described seek to mimic the gradual development of strain 
at different time scales, i.e. the evaluation of the time dependency of crude oils under a 
definite applied stress. Two crude oils were chosen, Faregh and Bouri at 18 and 9 °C 
respectively (3 °C below pour point for each oil). The two oils were subjected to 5 and 20 
minutes of creep under a stress of 16 Pa, and then to a recovery of further 20 minutes. 
Sarir oil measurements were rejected as we could not get reproducible and reliable 
results for this oil. 
 Figures 3.39 and Figure 3.40 display the effect of creep time on Faregh and Bouri oils 
respectively. Accordingly the final 20 minutes of each curve give the recovery as the 
microstructure of the oils is upgraded by about 62 and 64 % with 5 min creep for Faregh 
and Bouri oils respectively.  Also partial recoils of the microstructure with 20 minutes 
creep, after stress removed, were observed. The gel recovered about 34 and 36 % of the 
total strain imposed during creep for Faregh and Bouri oils respectively. The results prove 
that the final strain response is influenced by the creep time: higher strain values are 
observed with a longer creep time.  
 Although, the two gelled oils cannot be said to be flowing even with 16 Pa and a time 
of creep of 20 min, fracture may occur at a stress of 16 Pa and 3°C below pour points for 
the two oils if the creep time is longer since the magnitude of the permanent deformation 
depends on length of time, amount of stress applied as well as temperature.  
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Figure 3.39 Creep-recovery test: effect of creep time [Faregh oil, T=18°C]. 
 
Figure 3.40 Creep-recovery test: effect of creep time [Bouri oil, T=9°C]. 
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 In summary, creep test is a direct technique for measuring the yield stress value. A 
shear stress is imposed to the oil and then observed if it flows or not. When a series of 
creep tests is performed, as already discussed, the yield stress es can be defined as the 
stress values below which there is no flow. But performing several tests is a time 
consuming task due to the time it takes to get to a good approximated values of yield 
stresses after several runs. Thus, despite the accuracy of creep tests and the observation 
of the creep flow, which characterises the gelled oil dynamics while it is in the solid state, 
the creep test is not a much practical technique for determining waxy oils yield stress . A 
more important practical technique to study the mechanical behavior of waxy oil is to be 
applied (Oscillatory rheology) as it provides information about both the viscous-like and 
the solid-like properties to understand the structural and dynamic properties of crude oil.  
3.10.3 Characterization of the viscoelastic behavior of the gelled waxy crude oils near 
pour point temperature 
 As clarified earlier, oscillatory measurements are used extensively to study the 
materials’ viscoelastic behavior. In this part, the results obtained from the oscillatory tests 
and their discussion are structured and conducted under two subsections, i.e.:  
1. Isothermal structure development 
 Isothermal curing experiments (time sweep tests at constant frequency and 
temperature) were performed at different temperatures above and below pour points to 
evaluate how temperature influences structure development within the crude oils. Then 
frequency sweep tests were performed to characterize the viscoelastic behavior of the 
gels, after a selected holding time (60 min). 
2. Oscillatory stress sweep experiments to measure yield stress 
 As mentioned in section (3.7.4), in these tests the stress was varied and the resulting 
strain was measured in both linear and nonlinear regions. The data obtained, namely the 
storage modulus (G') and the loss modulus (G''), were used to calculate yield stresses. 
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3.10.3.1 Isothermal structure development and viscoelastic behavior of the formed gels 
 Isothermal structure development at different temperatures was evaluated by 
measuring the viscoelastic moduli, G', and loss angle, δ,  as a function of time, at constant 
oscillatory frequency, performing time sweep oscillatory tests at different temperatures 
around the pour point for each oil. After selected curing times, the viscoelastic behavior 
of the gels was studied by frequency sweep tests within the linear viscoelastic region. 
 As stated in the experimental methods, in all cases the oils were first heated to 10 °C 
above WAT (39 °C for Bouri, 53 °C for Faregh and 59 °C for Sarir) to avoid prior thermal 
memory effects. After heating to these temperatures for 20 min, each oil was loaded onto 
the rheometer plate, pre-heated at the same temperature, and then cooled to the 
desired test temperature at 0.5 °C/min.  
 Figures 3.41 -3.43 show the changes of storage modulus G' and loss angle δ with 
holding time at 6 different temperatures for Bouri, Faregh and Sarir oils respectively (the 
differences from these temperatures to each oil’s pour point were the same, i.e.,  5°C, 3°C 
and 1°C, below and above pour points). The variation trend of G'and δ with isothermal 
holding time were similar for each oil.  
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Figure 3.41. The isothermal structure development of Bouri oil; (A) variation of G’ with 
holding time, (B) variation of δ with holding time [Oscillatory frequency 2 rad/s, Strain 
0.1%].  
 Figure 3.41 displays the time dependence of G' and tan δ for Bouri oil. The modulus 
has a positive slope, being a function of the holding time during the initial ageing period 
at temperatures above pour point (13, 15 and 17° C), and then slowed down and tended 
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to an asymptotic value. For example at the temperature of 17°C, the value of G' increased 
from 2.3*10-2 KPa to 13.4 *10-2 KPa for the period of 18 minutes of holding time. The 
characteristic of these gels are known to undergo a change to become, s tronger, richer in 
heavier paraffins as well as a decreased fraction of entrapped oil in the deposit with time 
[83, 113].  
  At temperatures below pour point (11, 9 and 7° C), the storage modulus, G', keeps 
increasing very slightly with the increase of holding time, also indicating that the structure 
of the oil improves and formed a more elastic gel structure.  
 For most samples, the storage modulus (G') was already higher than the loss 
modulus (G'') at the beginning of the time sweep experiments, unsurprisingly since the 
temperatures analysed were below the pour point. The gelation temperature according 
to a rheological criterium is expected to be below the cloud point (WAT) but above the 
pour point [28]. This characteristic temperature associated to the sol–gel transition was 
defined as the point at which G′ (elastic response) became greater than G′′ (viscous 
response) [61]. 
 The sol-gel transition was observed only for the isothermal curing at 17 °C as the 
value of δ became less than 45° after 3 minutes of holding time meaning that the gelation 
of the oil has occurred, since the storage modulus becomes higher than the loss modulus. 
While the initial values of loss angle, δ, at other temperatures were small (less than 45°) 
meaning that the oil has previously formed a gel structure and the structure has already a 
predominant elastic character before isothermal measurement.     
 Changes on G' and loss angle slow down as the time increased, attaining almost 
constant values, i.e. the structure development rate decreased as the time increased as a 
result of the reinforcement of the gelled network by slower rearrangement of the waxy 
crystals and increased interactions among them.    
 However, at the early period of holding time, the modulus G’ and loss angle, δ, 
develop more quickly at temperatures above pour point than at temperatures below the 
pour point. It’s clear that the structure development of the oil is in direct relation to the 
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temperature and holding time. The isothermal structure development is attributed to the 
active small crystals. At constant temperatures, the active small crystals take part in the 
rearrangement of wax crystal structures, so as to enhance the strength of the structure 
over the passage of time [49]. 
  The structure of the oil becomes stronger with decreasing test temperature; the 
lower the temperature, the stronger the interactions among the crystals of wax due to 
increasing amount of crystalized paraffin, and the stronger the aptitude of the wax 
crystals to resist elastic and viscous deformation.  
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Figure 3.42. The isothermal structure development of Faregh oil; (A) variation of G’ with 
holding time, (B) variation of δ with holding time [Oscillatory frequency 2 rad/s, Strain 
0.1%].  
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Figure 3.43. The isothermal structure development of Sarir oil; (A) variation of G’ with 
holding time, (B) variation of δ with holding time [Oscillatory frequency 2 rad/s, Strain 
0.1%]. 
 The two other waxy oils, Faregh and Sarir, revealed a qualitatively similar behavior. 
For instance Faregh oil (Figure 3.43) shows that, increasing time did not have any 
remarkable effect on the storage modulus , G’ and loss angle (8° <δ< 10°) . Both values, G’ 
and δ, remain fairly constant during one hour holding time at temperatures above and 
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below pour point, indicating stagnant gel structure within the suggested holding time at 
the six different temperatures; the oil has already formed a gel structure and the 
structure is elastic-dominant before starting the measurement(δ<45°). The more 
pronounced changes observed for Bouri oil at the higher temperatures were probably 
due to the higher proximity to the sol-gel transition temperatures.  
 In general, there was no particular behaviour change in the suggested range of 
temperatures around the pour point. The results stated above illustrate that the influence 
of isothermal holding time on the structure developments of waxy crude oils depend on 
temperature and the nature of the oil. 
 After the holding time the final viscoelastic properties of the gels were evaluated by 
frequency sweep experiments at the same curing temperature. The Storage modulus, G', 
and loss modulus, G'', for the three oils, Bouri, Faregh and Sarir are plotted as a function 
of frequency in Figures 3.44 (A, B) to 3.46 (A, B) respectively. These data provide precise 
information on how at a given temperature, and after a certain curing time, the structure 
changes as function of frequency. 
 Figure 3.44 (A, B) represents the spectrum of frequencies of Bouri oil. Both moduli 
showed essentially the same pronounced frequency dependence over the time range 
analyzed, meaning that the rearrangement of the particulate network is taking place 
within the gelled oil and is responsible for important dissipative processes within the 
deformation period, although solid like G' dominates over G'' through the whole 
suggested spectrum.  This behaviour may result from a high degree of porosity of the 
gelled network, which traps a large fraction of oil and non-crystallised material, 
contributing to the relatively high viscous character of the gel. 
 Similar spectrum of frequencies were observed for the other oils, Faregh and Sarir 
[Figures 3.45 (A, B) and 3.46 (A, B)] respectively. The increasing frequency had a lower 
effect on G' and G'' comparing to Bouri oil. However, both moduli, G' and G'', still keep 
increasing slightly but continuously, meaning that some rearrangements of the wax 
crystals within the network are still allowed.  
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 On a comparison of the mechanical spectra obtained for the three oils, Bouri showed 
lower values of storage and loss modulus. For example, at frequency of (100 rad/sec) 
Bouri oil reaches the lower values of the order of (10-1-101 KPa) at the range of 
temperatures from 17 to 7 °C than Sarir (100-103 KPa) at temperatures from 29 to 19 °C 
and Faregh oil (10 0-102 KPa) fall in between at the range of temperature from 26 to 16 °C 
(the same temperature differences around PP for each oil). The lower structured network 
of Bouri oil seems to be related to the lower crystallinity and lower wax content and also 
to the presence of other materials that may reduce the crystallinity of the structure as 
discussed in chapter 2 (section 2.4.2.1). It can be seen in (Figure 2.7, chapter2) that the X-
ray diffraction patterns obtained for the waxes show a lower degree of crystanillity for 
Bouri oil than for the other oils.  
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Figure 3.44. Mechanical spectra (storage and loss modulus as a function of oscillatory 
frequency) at different temperatures for Bouri oil: (A) storage modulus, G', (B) loss 
modulus, G'' [ Strain = 0.1%].  
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Figure 3.45. Mechanical spectra (storage and loss modulus as function of oscillatory 
frequency) at different temperatures for Faregh oil: (A) storage modulus, G', (B) loss 
modulus, G'' [ Strain = 0.1%]. 
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Figure 3.46. Mechanical spectra (storage and loss modulus as function of oscillatory 
frequency) at different temperatures for Sarir oil: (A) storage modulus, G’, (B) loss 
modulus, G’’ [ Strain = 0.1%]. 
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 To verify what we suggested above, the relationship between the tangent of phase 
angle and temperatures as well as the storage and loss modulus are drawn for the three 
oils at the angular frequency of 1 rad/sec. Figures 3.47 (A, B) to 3.49 (A, B) represent the 
values of G', G'' and tangent of the phase angle (tan δ) at the different investigated 
temperatures for Faregh, Sarir and Bouri respectively.  
 The temperature had a strong effect on the modulus, but the relative solid (elastic) 
character of the gelled oils (tan) was only slightly affected, except for Bouri oil and for 
the higher temperatures, closer to the sol-gel transition point, where naturally the system 
is less structured and the dissipative processes are still important. 
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Figure 3.47. Storage modulus and tangent of phase angle (A); loss modulus and tangent 
of phase angle (B) for Bouri oil at different temperatures [angular frequency, ω = 1 
rad/s]. 
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Figure 3.48. Storage modulus and tangent of phase angle (A); loss modulus and tangent 
of phase angle (B) for Faregh oil at different temperatures [angular frequency, ω = 1 
rad/s]. 
Rheological Characterization of some Libyan Waxy Crude Oils 
127 
 
Figure 3.49. Storage modulus and tangent of the phase angle (A); loss modulus and 
tangent of phase angle (B) for Sarir oil at different temperatures [angular frequency, ω 
= 1 rad/s]. 
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  Although similar characteristics were observed, the shear modulus degradation was 
not as drastic as the observed at lower temperatures (below PP). In effect, this suggests 
that a different correlation between temperature and modulus at temperatures above 
and below PP takes place, signifying crystallisation kinetics at temperatures above pour 
points different from crystallisation kinetics at temperatures lower PP. At temperatures 
below PP, the crystals are well established so the difference between the values of 
modulus is increasing as the temperature increases  (above PP). 
 
 In summary, in the three samples used during these experiments the outcomes 
observed and recorded are very similar and congruent; i.e. the rigidity or solid like 
behavior dominates over viscous behavior at temperature near PP. The structure 
development over the time range analyzed have been found to be underpin temperature 
and the nature of crude oil. 
3.10.3.2 Oscillatory stress sweep experiments and yield stresses 
 As explained in section 3.8.4, oscillatory tests (shear mode) are very well suited to 
the measurement of the yield stress because if carried out accurately, they approach the 
yield region very progressively from the solid state. Measurement of how the shear 
storage modulus G' and loss modulus G'' varies with increasing stress can then detect the 
end of the solid deformation and the entire yielding region until fracture of the material 
occurs. This is what was tested with the three oil samples, Faregh, Bouri and Sarir, gelled 
at different temperatures as described in the previous section, in an effort to explore the 
stability and strength of the gelled oils , and estimate the various yielding stresses using 
oscillatory stress sweep measurements, from 0 to 100 Pa, at a constant oscillatory 
frequency of 1 rad/s.  
 The measurements were performed at temperatures of 9 and 7 °C for Bouri oil, 18 
and 16 °C for Faregh oil and 21 and 19 °C for Sarir oil (3 and 5 °C below pour point 
temperature for each oil), after the curing steps described in the previous section.  
 Results are shown in Figures 3.50 (a, b) to 3.55 (a, b) for Faregh, Bouri, and Sarir oils, 
obtained for the temperatures under consideration, using two graphical representations 
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for a more clear definition of the yield stress values of interest: Figures a present the data 
of strain as a function of applied stress and Figures b present G' and G'' variations with 
increasing the stress. 
 The dynamic rheological tests performed, at a frequency of 1 rad/sec, involved both 
a linear viscoelastic region, in the low strain amplitude range where the true structural 
properties before yielding can be observed, and a nonlinear region at higher strain 
amplitudes, where the sample fracture can be analysed. 
 The range of stress amplitude that keeps G' and G'' constant determines the linear 
viscoelastic region (LVR). This region characterizes the unperturbed structure of the gelled 
oil and thus corresponds to the elastic response of the material. This is very important to 
determine how the waxy oil yields from an elastic state into a viscous state and therefore 
to define the elastic-limit yield stress (τe). Here our main purpose was to determine the 
elastic and static yield stresses, those that were not accurately measured by the flow tests 
described in the previous section. 
 The data in Figure 3.50 (a, b) obtained for Faregh oil at 18 °C are taken here as a basis 
of discussion. 
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Figure 3.50. Oscillatory test: (a) stress vs strain relationship during the yielding process; 
(b) G' and G'' during yielding; ω = 1 rad/s [Faregh oil, T=18 °C, 3 °C below PP]. 
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 The initial linear stress-strain relationship, before point A, for a stress amplitude 
lower than 10 Pa, indicates an elastic response. The stress -strain relationship follows the 
Hooke’s law. The storage modulus, G', is higher than the loss modulus, G'', indicating a 
predominance of gel-like structures (predominant elastic character). The region before 
point A in Figure 3.50 (b) where G' and G'' are almost constant and independent of the 
applied stress correspond to the linear viscoelastic region where the microstructure of 
the waxy network in the gelled oil is not destroyed. When the stress amplitude increases 
above 10 Pa, G' and G'' decrease gradually with increasing the stress amplitude, 
representing a creep response in which both elastic and plastic strains are implicated, 
characterized also by the deviation of stress-strain curves from the linear relationship. 
Point A is characterized as the elastic yield stress, τe. 
 An oscillatory stress with an amplitude higher than the elastic limit yield stress will 
cause creep, which will incompletely damage the waxy structure, if the stress is not 
sufficiently high to break the gel structure. After point B, another increasing pattern of 
the strain follows together with sharp drops of G' and G'', indicating the fracture process 
of the waxy network structure. Another important change around B is that G' becomes 
lower than G'' after B, which also indicates a change of the oil from solid-like to liquid-like 
state. Point B is identified as the static yield stress of the oil, τs. 
 When G' becomes lower than G'', that is when the fluid part of the oil overtakes the 
solid part at a stress of 33.5 Pa, is considered as another point of yielding and is defined 
as flow yield stress, τF. The final range of the curve after point C shows viscous behavior, 
and G' much lower than G''.  
 Qualitatively similar yielding behaviors were observed for Faregh oil at 16 °C as well 
as the other two oils. 
 Having defined three different yield stresses obtained from oscillatory 
measurements using stress amplitude mode, they are discussed in relation to the 
strength for each oil, how it varies with temperature and a comparison made between 
them.  
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 The values of yield stresses, τe, τs, and τF at the different temperatures obtained from 
Figures 3.50 to 3.55 are displayed for each oil in Table 3.5. 
Table 3.5 Yield stress values for the studied oils measured at a frequency of 1 rad/sec.  
Oil sample Temperature, °C Elastic yield 
stress, τe(Pa) 
Static yield 
stress, τs(Pa) 
Flow yield 
stress, τF(Pa) 
Bouri 9 
7 
13 
28 
33.5 
56.3 
59.6 
94.5 
Sarir 21 
19 
7.9 
18 
22.4 
35.5 
50.2 
59.6 
Faregh 18 
16 
10 
22 
26.6 
53.1 
31.6 
66.9 
 The linear viscoelastic range, LVR, for Sarir oil is shorter than for the other two oils at 
the two temperatures under consideration, for instance, at 3 °C below pour point for each 
oil, the reduction of G' for Sarir oil, started at stress of 7.9 Pa comparing with a reduction 
of G' at stresses of 13 and 10 Pa for Bouri and Faregh respectively. Similar differences in 
the LVR limits can be seen at the temperatures 19° C for Sarir, 16° C for Faregh and 7° C 
for Bouri (5° C below pour point). This indicates that the interactions between the wax 
crystals building up the gelled networks are less sensitive to the applied stress for Bouri 
and Faregh than for Sarir oil.  In general, Bouri oil showed higher values of elastic, static 
and flow yield stresses than the two other oils, in accordance to what was previously 
observed with the flow tests (section 3.10.1.2), indicating a stronger gel.  
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Figure 3.51. Oscillatory test: (a) stress vs strain relationship during the yielding process; 
(b) G' and G'' during yielding; ω = 1 rad/s [Bouri oil, T=9  °C, 3 °C below PP]. 
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Figure 3.52. Oscillatory test: (a) stress vs strain relationship during the yielding process; 
(b) G' and G'' during yielding; ω = 1 rad/s [Sarir oil, T=21 °C, 3 °C below PP]. 
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Figure 3.53. Oscillatory test: (a) stress vs strain relationship during the yielding process; 
(b) G' and G'' during yielding; ω = 1 rad/s [Bouri oil, T=7° C, 5 °C below PP]. 
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Figure 3.54. Oscillatory test: (a) stress vs strain relationship during the yielding process; 
(b) G' and G'' during yielding; ω = 1 rad/s [Faregh oil, T=16 °C, 5 °C below PP]. 
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Figure 3.55. Oscillatory test: (a) stress vs strain relationship during the yielding process; 
(b) G′ and G′′ during yielding; ω = 1 rad/s [Sarir oil, T=19°C, 5 °C below PP]. 
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 Clearly because of the direct dependence of yield stress on the temperature, the 
decrease in the yield stresses are proportional to the increasing in temperature. Lower 
temperatures produce stronger structures requiring higher stresses to fracture and flow 
.The range of LVR depends on the nature of the crude oil and temperature applied. More 
elasticity can be observed at lower temperatures. 
3.10.4  Comparison of data obtained by the three rheological tests   
 The results given in the previous sections from three different rheological tests for 
three Libyan waxy crude oils were obtained with identical thermal and shear histories. 
The values of τs were determined from each testing. The values of τe, were determined 
from two tests, creep-recovery and oscillatory testing, as in the shear flow tests, only the 
fracture process and partial creep process were observed, and so are the values of  τf that 
can be determined from shear flow tests and oscillatory testing. Consequently, it will be 
desirable to compare the results of these yield stresses for the three techniques.  
 However, because of the time scale dependency of static and fracture yield stresses, 
it is meaningless to compare directly the measured static and fracture yield stresses 
determined from shear flow tests with other techniques since the time scale is totally 
distinct in the different tests. The measured elastic yield stress from different tests, 
however, can be comparable since it is not influenced by the characteristic time of the 
tests. So from the argument above, what is comparable are the results of elastic and 
static yield stresses measured by creep-recovery tests at 21 and 18 °C of Sarir and Faregh 
oils respectively, with the results given by oscillatory measurements. 
 The elastic limit yield stress by creep measurements was determined for Faregh and 
Sarir oils between 8 and 16 Pa and the elastic yield stress for Faregh and Sarir oil s by 
oscillatory tests is 7.9 and 10 Pa respectively. The static limit yield stress by creep 
measurements was determined between 20 to 32 Pa and the static yield stress for Faregh 
and Sarir oils by oscillatory tests is 26.6 and 31.6 Pa respectively. The results from the two 
different techniques are in reasonably agreement.   
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3.11 Conclusions 
 In this chapter, characterization of the rheological behavior for three Libyan waxy 
crude oils, Bouri, Faregh and Sarir, has been presented by means of three experimental 
techniques.  
 The central focus of this thesis has been on the development of a better 
understanding and description of the flow behavior of some Libyan waxy oils using 
controlled stress tests in order to improve the prediction of flow properties. Then creep 
and oscillatory techniques has been used to measure the viscoelastic properties. 
Therefore the following are the conclusion of this chapter, set against the information 
obtained by the three experimental techniques used: 
 Flow behavior of the crude oils using controlled stress testing 
 The flow behavior of three waxy crude oils produced from Libyan crude oils has been 
investigated. The measurement test was conducted under controlled stress mode and the 
values of shear rate were obtained. The effect of temperature and stress loading rate on 
the flow behavior and yield process were analyzed. 
1. The viscosity dependence on temperature of waxy crude oils below pour point has 
been analyzed using viscosity-temperature data. It was found that Libyan crude oils 
display shear thinning behavior, revealing their non-Newtonian character. Moreover it 
was observed that the higher the content of heavy n-paraffin in the crude oil, as is the 
case of Bouri oil, the more viscous the crude oil is.  
2. The gel strength of the three oils has been characterized by studying their yield 
behavior. The observed flow behaviour is very complex and, most importantly, the yield 
stress of the gelled waxy oils is a complex function of gel composition and shear and 
thermal histories under which the gel has been formed. The results demonstrated that 
these crude oils can exhibit more complex behaviour when deformation undergo 
complete fracture. This powers us to re-define or suggest another important yield stress 
for the oil industry which assess such complex oils, by taking the importance of the stress 
at the end of the fracture process into account; we have defined it as the fracture yield 
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stress. Consequently a four-yield-stresses model is suggested to describe the different 
stages of the yielding process for these oils at low temperatures. The primary, static, 
fracture and dynamic yield stresses are describing the complete process. The yielding 
development of these oils occurs in three stages. Initial elastic limit, at which elastic limit 
yield stress value (τe) can be defined, although this yield value is ignored since this limit 
cannot be recorded by rheometer using controlled stress mode. The second stage is 
viscoelastic creep at which primary yield stress (τp) are descried for the sake of simplifying 
the comparison between oils; for instance this range did not appear in the yielding 
process of Faregh oil sample. Primary yield stress is the first point observed by rheometry 
in the creep region, it is an approximation to the beginning of the creep region. And 
finally the fracture process region, which is described by two limits of yield stresses: One 
which is the stress at the starting point of fracture process, defined as static yield stress 
value (τs) then the crude oil will break and flows at the end of this region; The other is the 
yield stress at the end of the fracture region which is described as the fracture yield 
stress, (τf). The two values (the static yield stress and fracture yield stress) are the stress 
values relating to the yielding process and may be considered to be the two true and 
most important yield values to be considered and measured to help restart plugged 
pipelines as well as continue flow after restart. Static yield stress, the stress value when 
the fracture occurs, as this stress value determines the pump capacity required to initiate 
flow and ensure pipeline restart while fracture yield stress, and the stress value 
determines the pump capacity required to guarantee flow after fracture. However the 
stress value, (τf) to guarantee flow is higher than the stress values (τs) to break structure 
and initiate flow for such complex waxy oils . Dynamic yield stress in this work were used 
to obtain information about the shear thinning flow behaviour after fracture using the HB 
model, by keeping dynamic yield stress as constant value and the two parameters of the 
equation, the consistency index, K and the flow-behavior index, n, were estimated to give 
an idea on the viscosity of the oil after fracture and the shear thinning degree.   
3. The effect of different stress loading rates has been considered in this study at 
different temperatures below pour point. The results of these tests showed that slow 
stress loading rates produce stronger structures requiring higher stresses to fracture and 
Rheological Characterization of some Libyan Waxy Crude Oils 
141 
induce flow. However, the strength of the structure of the three oils studied have been 
found to underpin temperature and loading rates. 
 Creep recovery measurements at different constant stresses and time scales  
 Creep- recovery tests were performed. A sequence of creep tests using a varied 
range of shear stresses were prepared at constant time to investigate the yielding 
characteristics of the oils and to analyze the structure. Two yield stresses were measured, 
static and elastic. Also constant stress was applied at different time period to study the 
effect of time scale on the viscoelastic behavior of gelled waxy oils. The measurements 
were carried at 3 °C below the Pour point temperatures for each oil. The obtained results 
lead to the following conclusions:  
1. The yielding process of the crude oils is occurring in three distinct stages: elastic 
deformation which is a rapid elastic increase in strain, followed by viscoelastic creep with 
a slower linear rise in strain, and finally fracture creep range with the deformation of gel 
structure. 
2. No flowing of the crude oil samples at stresses of 8, 16, 25 Pa as well as at 32 Pa for 
Bouri oil sample, since these stresses were below the static yield stress.  Faregh and Sarir 
oils flowed at stress of 32 Pa. The possibility for the oil to recover partially or completely 
or even fracture is time and stress dependent. In particular, depending upon the imposed 
stress value and time applied each oil will respond differently. 
 The viscoelasticity of the gelled waxy crude oils near pour point temperature 
 In this research the oscillatory measurements were used in order to explore the 
stability and strength of the three crude oil gels. We have experimentally described the 
static conditions at very low deformation (linear viscoelastic range) at two temperatures 
below the pour points through the stress sweeping tests. The results of these tests have 
shown that the existence of LVR depends on the nature of the crude oils and temperature 
applied. Three yield stresses have been described during the stress sweep tests, named as 
elastic yield stress, τe, static yield stress, τs, and flow yield stress, τF. 
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    The effect of holding time on the isothermal structure development of the three oils 
has been investigated at different temperatures above and below the pour point by 
means of Oscillatory frequency measurements. It is observed that, the impact of 
isothermal holding time on the structure developments of waxy crude oils depends on 
temperature and the nature of the oil; the structure under isothermal condition has 
become stronger with increasing holding time for Bouri oil, while the effect of holding 
time on the structure development of Sarir and Faregh oils is less pronounced. However a 
stronger structure was observed at lower temperatures. The obtained data from 
frequency sweep measurements showed that the suggested frequency spectrum has a 
little effect on the structure deformation of the three oils at all proposed temperatures.  
 The data presented in this thesis provide a rheological characterization of waxy oils 
that we hope can contribute to improve their understanding of their complex flows and 
have implications for flow assurance strategies as well as a better understanding of the 
physical phenomena of Libyan waxy oils underlying the rheology. 
 In general, it cannot be assumed that the conclusions of this thesis are valid for all 
waxy crude oils since there are many differences between oils produced from different 
areas in the world. But the same qualitative tendencies of the rheological behavior could 
be predicted, as they origin is in the basic behaviour between wax molecules. Moreover, 
the information developed here is itself a useful guideline for evaluating the rheological 
behavior of other waxy oils. Still the challenges faced by flow assurance specialists in the 
oil industry are certainly varied and complex.  
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4.1 Final conclusion  
 The oil producers have currently large operating costs associated with flow 
assurance, in particular trying to minimize the problems caused by wax deposition. The 
ability to control wax deposition in pipelines is most important for planning their 
operation and design. This thesis was focused on Libyan waxy crude oils, and the 
characterization of their nature and behavior has been the object of this research during 
the last few years.  
 We aimed at obtaining information and improve the knowledge and understanding 
of the physico-chemical characteristics and rheological behavior of Libyan crude oils 
presenting wax deposition problems during their transportation, since the oil sector in 
Libya lacks studies of this type. Therefore, such task is of great interest and became all the 
more pressing with the instability in Libya during these last few years that led to 
prolonged stops in oil production, making the restarting a complicated and costly 
challenge.  
 In this work we focused on five Libyan crude oils known for their wax deposition 
problems. Initially a detailed physico-chemical characterization of the five oils and their 
waxes was made.  
 Our main goal in this work was to understand the rheological behavior of these crude 
oils upon precipitation of the wax. To achieve this goal a comprehens ive rheological 
characterization at various temperatures around their pour point was done, including 
steady-shear flow tests, oscillatory tests at low strain amplitudes and creep-compliance 
tests.  
 The following are the main conclusions of this work, set against the objectives listed 
in chapter 1.  
1. To characterize five Libyan oils and their waxes using a combination of various 
analytical techniques. 
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 The crude oils studied are medium or light crude oils with high wax content. 
 Although the wax appearance temperature could be expected to increase with the 
oil wax content, the results obtained showed no direct correlation between these two 
variables. The WAT seems to be dependent upon not only the wax content but also on 
the paraffin distribution in the wax and the oils solvation ability. 
  The pour point temperature of the oils shows a very good linear dependency upon 
the WAT for all crude oils. 
  The results of all the analyses of the extracted waxes indicate that they are highly 
paraffinic macrocrystalline waxes.  
 Overall, all the studied Libyan crude oils present macrocrystalline waxes composed of 
essentially straight-chain saturated paraffinic hydrocarbons such as the n-alkanes. 
2. To study the rheological characteristics of three waxy oils, Faregh, Sarir and Bouri. 
 The flow properties, viscosity, shear rate and shear stress, were measured for the 
three oils at various temperatures below their pour point. The measurements showed 
that the observed flow behaviour is very complex, so there is no standard method to 
predict the yield stress of waxy crude oils to be adopted by the petroleum industry; the 
process of yielding is still challenging; a model with four yield stresses was suggested 
instead of model with three yield stresses which has an extensive range of application for 
waxy crude oils.  
 Measurements of the viscoelastic behaviour were carried out using creep- recovery 
and oscillatory tests. This facilitated a better understanding of the structure of the gelled 
oils at low temperatures. Also stress sweep tests  were used to study the yielding process 
and predict the yield stresses using oscillation. Bouri oil showed the lowest structured 
network although of its high values of yield stress. However Bouri oil has the lowest 
crystallinity and the lowest value of wax content which may contribute to this low 
structured gel; the higher values of yield stresses may be explained as result of the 
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interaction between the paraffin crystals that display a high stress resistance leading 
Bouri oil to be less sensitive against stress.    
 We do believe that the aims achieved and the impact of the results on the oil 
industry in Libya will be important contributions for the suitable solution for wax 
deposition problems and to reduce the operation and transportation costs due to line 
blockage. 
4.2  Future work 
 The work developed in the characterization of wax deposition of some Libyan oils 
provided some new insights for their behavior. However, as an outlook for future 
developments, some investigations aiming at a better representation and some new 
contributions should be attempted for a complete characterization of those oils. More 
specifically, further future developments should include the following: 
1. A set of measurements could be performed by other techniques which would 
maximize the knowledge and improve the opportunity to further advances by achieving 
more information about the chemical and physical nature of the Libyan paraffinic waxes. 
Further details about the nature of the waxes could be obtained from spectroscopic 
techniques such as FTIR, and Raman, and more details on its composition could be 
obtained from mass spectrometry, while the crystal size and shape could be measured by 
SEM or by light scattering.  
2. A set of other rheological measurements could also be performed:  
a) The flow behaviour tests could be used in future at more different loading rates and 
different cooling rates to get more insight of the parameters e.g. apparent viscosity, 
apparent yield stresses etc.  
b) More detailed study on the viscoelastic behavior using creep - recovery tests.  First, 
more creep tests are needed to improve the prediction of yield stresses. Recovery 
process needs to be researched more extensively. e.g. studying the apparent viscosity, 
with time to deepen understanding the behavior of the oil at rest.  
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c) Study of the rheological behaviour of Remal and Sedra crude oils. 
 In this work it was not possible to do the measurements for Remal and Sedra by 
AR100, TA instruments due to the very high / low values of pour point of Remal and 
Sedra, respectively, and the time required to carry out such measurements. It is here 
suggested that these analysis should be carried out on a more advanced rheometer in 
order to characterize these two oils, as well as to obtain information for ageing times of 
the waxes that would go considerably beyond the timeframe studied on this thesis, and 
that could provide more realistic data to what is happening on a pipeline shut down for 
long periods of time.    
d) In principle the data obtained can be used as such and it provides a good basis to 
assess scaling up. More efforts concerning the use of real environments in the field would 
be useful to understand the behavior of these studied waxy crude oils under real 
conditions to help the oil companies to guide operation at the large scales. 
3. Another interesting improvement would be to use the results from this thesis to 
develop reliable deposition models to describe wax precipitation in Libyan waxy oils and 
create tools to mitigate the associated flow assurance problems.   
4. The main goal of this work would be to create another contribution to support the 
Libyan oil industry. The evaluation and parameterization of a suitable depositions model, 
comprising both the thermodynamic and kinetic aspects of the process, would help to 
avoid or minimize flow assurance problems related to wax deposition. The availability of 
this model could help in the design of flow lines and surface facilities, and in developing 
operating plans that anticipate and quantify the problems of wax deposition, saving time 
and helping to identify the appropriate solutions to alleviate production problems. 
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A-1 Technical information for Faregh crude oil 
Faregh oil field is located at south of Gialo. It contains about 27 wells, seven still under 
construction.  
1. The distance of crude oil pipeline from Faregh main station to Gialo station is approx.  
62 Km. The diameter of the pipeline is 12’’, the material is; carbon steel pipe, WT 0.330, 
insulated with 3” Thick Polyurethane covered with 6 mm High density Polyethylene.  
2.  The pipeline is buried approx. 3.5 feet above the top of the pipe, Elevation 140 ft.  
3. The production rate which has been pumping through this pipeline is approx. 15,000 
BOPD (until 2011), at temperature of 130-140 Deg. F. 
4. There are 3 multistage vertical centrifugal pumps located at downstream of the 
crude storage tanks to transfer the crude to Gialo station. 
5. The inlet of temperature and pressure of the crude to the pump is 130-140 Deg F, 
and 5-20 Psi. 
6. The temperature of the crude oil is maintained either in winter or in summer by hot 
water heating pipes inside the storage tank and by electrical heat trace and insulation on 
pipes. 
7. Hot water heating (used on vessels and tanks etc.), electrical tracing( used on piping 
and instrumentation) 
8. The hot water circulation rate designed for approx. 900 US gallon/Min at 29 psi 
differential pressure and around 110 psi at Gialo side. 
9. The crude oil pipe is regularly pigged from the launcher at Faregh station and 
received at Gialo station. 
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A-2 Technical information for Sarir crude oil  
1. The pipeline length from Sarir field to Ahariqh port is about 513.7 km,Internal 
diameter = 33.25”. The outer diameter 34”, made of (carbon steel API 5L.x52 longitudinal 
seam welded) and enveloped by wrapping tape, thickness is about 6 mm. 
2. All substations lines as well as the flow lines from wells have diameters between 6 
inches and 24 inches, the shipping line to the Meslla field is 30 inches. All those lines are 
made of carbon steel and coated by wrapping tape. 
3. The main line of Sarir – Tobruk’s height and length (Figure A-1) covered by sand with 
a thickness of centimeters to about 2 meters. 
4. There are 10 pumps at the beginning of the line, 5 buffered and 5 are working 24 
hours. 
5. The production rate to Tobruk = 150,000 barrels per day (until 2011). 
6. The chemicals of removing wax deposition are not being injected continuously, 
sometimes is injected on winter or during a special operations such as replacement of 
pipeline parts, where the mechanical cleaning process (pigging) stopped. 
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Figure A-1: The main line of Sarir–Tobruk’s height and length
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The prediction of wax formation and the understanding of the physicochemical characteristics of the wax
phase are of major importance in flow assurance. The characterization of the oil and wax can provide
useful estimates of the parameters and behavior required for operational engineering process develop-
ments and/or physical modifications to the processing of crude oils, aiming at the reduction of costs of
production and transportation. Five Libyan crude oils and their waxes were characterized using various
experimental techniques.Waxes were extracted using theUniversal Oil Products (UOP) 46-64method and
purified by column chromatography.Differential scanning calorimetry (DSC) and cross polarmicroscopy
(CPM) techniques were used to study the wax appearance temperature (WAT) for these crude oils. Waxes
were characterized using gas chromatography (GC), nuclear magnetic resonance (NMR), and X-ray
diffraction (XRD). The carbon number distribution was determined by gas chromatography-flame
ionization detector (GC-FID). Extensive information about the structural composition of these waxes
was performed using 13C NMR, and information for the crystalline structure of these waxes was obtained
usingXRD.This study shows that the fiveLibyan crude oils studied havewax contents between 8 and 24wt
% with WAT in the range of 22.5-68.17 C. The isolated waxes are shown to be paraffinic (macro-
crystalline wax) with an orthorhombic structure.
Introduction
The heavy saturated fraction of crude oil, known as wax,
tends to precipitate during the extraction and transport of
crude oils as a result of the temperature (T) and pressure (P)
drop of the fluid. As soon as the P-T conditions fall within
the solid region of the phase envelope, i.e., the temperature of
the oil falling below the wax appearance temperature (WAT),
there will be formation of deposits on the reservoir or pipe-
lines. The wax deposition causes the plugging of pipelines and
clogging of transport equipment, being a well-known and
expensive problem in the petroleum industries.1,2 A better
understanding of the oil composition and the paraffinic
hydrocarbons present in the crude oils can help face this
problem both preventively and providing remediation when-
ever necessary. Several useful analytical techniques have been
proposed in the petroleum industry to study the petroleum
fluid characteristics in general, and they can provide adequate
information concerning the wax formation to facilitate pro-
duction developments and thus avoid shutdowns and opera-
tional problems, which cost billions of dollars per year during
oil production and transportation.3Althoughpredictivemod-
els are available today for wax formation4,5 and deposition6,7
in crudes, they always required detailed compositional know-
ledge of the oils for an adequate performance.
The purpose of this study is to evaluate the characteristics of
five different Libyan crude oils, as well as their waxes. These
oils, named Remal, Sarir, Sedra, Bouri, and Farigh, were
supplied by three companies, Waha, Eni-Oil, and Arabian
Gulf Oil, operating in Libya through the National Oil Cor-
poration. The oils were chosen because of the wax problems
that they present during transport. The location of these
wells is presented in Figure 1, showing the sedimentary basins
of Libya. The Bouri oilfield off Libya’s western coast is the
largest producing offshore oilfield, estimated to contain
2 billion barrels in proven recoverable crude oil. The Sirte
basin contains around 80%of Libya’s established oil reserves
and production. Sedra provides the largest contribution to
crude oils export, whereas Sarir is regarded as the secondmost
important contribution for exportation.8 These Libyan waxy
crude oils present problems in transportation through pipe-
lines because of thermal environmental changes. These
crudes, mainly during wintry weather or at night, present a
decreasing flow of crude oil because of the deposition of a
solid phase that obstructs the pipeline, and as result of
that, the flow handling becomes difficult. Because of the long
distance that the oils travel through thepipelines from the field
to the coast terminals (e.g., the distance from the Sarir field to
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the coast terminal is about 513.6 km), thermal or mechanical
treatment and flow improvers are always applied to these
crude oils to avoid the transportation problem,which severely
increases their production costs.
In practice, the characterization of the oils and their waxes
can be achieved through various physicochemical and com-
positional analyses, such as American Petroleum Institute
(API) gravity and viscosity, WAT, wax content, and pour
point, and further characterization of the waxes by gas chro-
matography (GC), differential scanning calorimetry (DSC),
nuclear magnetic resonance (NMR), and X-ray diffraction
(XRD), among others.9,10 The information obtained by these
techniques can be of great importance to explain the causes of
wax deposition and to be able to understand, predict, and
prevent it during transportation, production, and storage of
petroleum.
In this work, a number of these techniques were used to
characterize the five Libyan crudes under study. The WAT
was measured by DSC; the wax content was measured by the
Universal Oil Products (UOP) 46-64 method; and the waxes
recovered were further purified by column chromatography.
The purified waxes were then analyzed by GC, DSC, NMR
spectroscopy, and XRD spectrometry for a full characteriza-
tion of their nature, as discussed below.
Experimental Section
After a preliminary characterization of the crude oils under
study, their waxes were extracted and also characterized. The
techniques used for the oils and waxes are described below.
Oil Characterization. Viscosity and Density. The viscosity
and density measurements were carried on an Anton Paar
Viscometer, model SVM3000, according to ASTM D445-06
and ASTM D5002-99, respectively,11 at the temperatures of 40
and 80 C. The standard S3 from Paragon Scientific was used to
calibrate the viscometer. The samples were heated above the
WAT before the viscosity measurements to ensure that all wax
particles are dissolved.
APIGravity.TheAPI gravity is used to estimate the quality of
a crude oil. The values of API gravity for each crude oil were
estimated on the basis of the following equation using density
values at 40 C, except for Remal that used values at 80 C:
API ¼ 141:5
SG
- 131:5 ð1Þ
WAT. TheWATwas measured for the studied crudes using a
Mettler DSC822e calibrated with indium and flushed with
dry nitrogen. To measure the WAT, crude oil samples of about
10 mg were heated to 40 K above pour-point temperatures and
then cooled with a cooling rate of 1 or 3 K/min to evaluate the
effect of the cooling rate on the WAT. Three runs were carried
for each oil, and average results are reported. The WAT was
taken here as the onset temperature of the exothermal peak
observed.
Pour Point.The pour point of a crude oil is the temperature at
which the oil gels because of the crystallization of waxes. Pour-
point temperatures of the crude oils were measured using the
standard test method for the pour point, ASTM D97-06.11
Water Content. The water content of the crude oils studied
was evaluated in the oil samples as received using a Metrohm
831 Karl Fischer (KF) coulometer.12
Wax Content. Because the composition, type, and properties
of the waxes present in a crude oil differ with the crude oil
source, it is important to extract them from the hydrocarbon
matrix to evaluate their chemical composition and structural
characteristics. TheUOP46-64method13was used to extract the
wax from the crude oil. A total of ca. 2 g of crude oil was
dissolved in 500 mL of petroleum naphtha, and 15 g of Fuller’s
earth were added to the solution. The mixture was then filtered
and evaporated. Finally, 200 mL of a mixture of 1:3 petroleum
naphtha/acetone was added to the solution, and the liquid was
chilled to about-17 C and filtered by a cold filter funnel, after
which the sample was washed with hot naphtha and the petro-
leum naphtha was evaporated to recover the wax. This was
weighed, and the wax content was evaluated.
Molecular Weight. The average molecular weight of the
crudes was determined by cryoscopic depression by the relation
Mw ¼ 1000kfmoil
ΔTfusmxyl
ð2Þ
using xylene as the solvent.
Wax Characterization. Wax Purification. Before character-
ization, the waxes extracted from the crudes according to the
procedure described above were further purified by cleaning the
waxes using a silica gel column to remove the polarmaterial that
remains after precipitation. The wax samples were dissolved in
n-hexane and passed through a 50 cm silica chromatographic
column. The procedure was based on the method described by
Musser and Kilpatrick.14
GC. A Varian gas chromatograph (CP3800) with a flame
ionization detector (FID) was used for the characterization of
the wax composition. A capillary column CP-5, 30 m long and
with 0.32 mm internal diameter and 0.25 μm film thickness, was
used. The wax was dissolved in CS2, and the samples were
injected into the columnusing an auto-sampler, with the injector
at a temperature of 250 C,with a split/splitless ratio of 1:50. The
detector temperaturewas 300 C.Analysis was performed under
a helium flow rate of 1.2 mL/min and a temperature program of
40-280 C at 12 C/min and held for 5 min at the highest
temperature.
Figure 1.Map showing the location of the investigated oil wells.
(9) Coutinho, J.A. P.;Daridon, J. L.Pet. Sci. Technol. 2005, 23, 1113–
1128.
(10) Musser, B. J.; Kilpatrick, P. K. Energy Fuels 1998, 12, 715–725.
(11) American Society for Testing and Materials (ASTM). Annual
Book of ASTM Standards; ASTM: West Conshohocken, PA, 2008; Vol.
05.01.
(12) Freire, M. G.; Gomes, L.; Santos, L. M. N. B. F.; Marrucho,
I. M.; Coutinho, J. A. P. J. Phys. Chem. B 2006, 110, 22923–22929.
(13) Universal Oil Products (UOP). UOP Method 46-64, Paraffin
Wax Content of Petroleum Oils and Asphalts, UOP Co., Des Plaines,
IL, 1964.
(14) Musser, B. J.; Kilpatrick, P. K. Energy Fuels 1998, 12 (4),
715–715.
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Elemental Analysis. Elemental analysis (C, H, N, and S) for
the purified waxes were carried out at the Centro de Apoio
Cientı´fico e Tecnoloxico a Investigacion (CACTI) of the Uni-
versity of Vigo (Spain) using a CHNS analyzer.
DSC. Thermal characterization of the waxes (melting tem-
peratures and enthalpies) was carried out on aMettler DSC822e
calibrated with indium and flushed with dry nitrogen. The
melting point of the waxes is taken as their peak temperature.
13CNMRSpectra.CarbonNMRwas used to provide a value
for the relative proportions of aliphatic and aromatic carbons in
the wax. Quantitative 13C NMR spectra were collected on a
Bruker Avance 300 spectrometer operating at 75.47 MHz. Wax
samples were diluted at 50% in CDCl3, and the spectra were
recorded at 295 K with tetramethylsilane (TMS) as the internal
reference. The inverse gate decoupling sequence, which allows
for quantitative analysis and a comparison of signal intensities,
was used with the following parameters: pulse angle, 30;
acquisition time, 3.48 s; relaxation delay, 60 s; data points,
32 000; and scans, 5000. Information concerning the different
types of carbon present is based on the works by Carman et al.15
and Sperber et al.,16 and the aromatic content is quantified
according to ASTM D5292-99.11
XRD Spectra.Diffractograms of the waxes at room tempera-
ture were acquired on Philips X’Pert equipment, which operates
in the reflection mode with Cu KR radiation (λ=1.5406 A˚).
Diffraction datawere collected in a 2θ range from 2 to 60, with
a step of 0.02 and a time per step of 2 s, with incident and
diffracted beam anti-scatter slits of 1, divergence slit of 1, and
receiving slit of 0.1 mm, on a curved graphite diffracted beam
monochromator.
Results and Discussion
Crude Oil Properties. Analyses were carried to character-
ize the five crude oils studied on this work. Specific gravity
(SG), API gravity, viscosity, pour-point temperature, wax
content, average molecular weight, and water content of
each crude oil were measured as described above, and the
results are reported in Table 1. The high pour point of Remal
precluded the measurement of the viscosities and densities at
40 C and also the water content.
The oil characterization shows that the crudes studied here
are medium or light crude oils with high wax content. As
expected, the wax content correlates well with the API
gravity and the viscosity of the crudes at 40 C. The crudes
with a larger wax content present lower API gravities and
higher viscosities.
The WAT is the temperature at which some heavy paraf-
finic molecules start to precipitate from solution. WAT is
considered as one of main guidelines for system design,
production operations, and the planning of the exploration
of a reservoir.9 The WATs for the five oils have been mea-
sured using DSC as the onset temperature of the exothermal
peak observed upon cooling. Results for theWATmeasured
at the two cooling rates used are reported in Table 2. Although
the WATs measured at the lowest cooling rate are consis-
tently higher, the difference between these are in general
within the uncertainty of the measurements estimated as
Table 1. Physical Properties for the Libyan Crude Oils Studied in This Work
kinematic viscosity (mm2 s-1) density (g cm-3)
crude oil
samples
UOP wax
content (wt %)
pour-point
temperature (C) Mw at 40 C at 80 C at 40 C at 80 C
API gravity
(deg)
water content
(ppm)
Remal 18.8 51 331.5 18.680 0.886 25.13
Bouri 15.0 12 249.7 20.475 7.225 0.883 0.860 25.70 820
Sarir 13.6 24 244.7 13.563 5.270 0.829 0.810 35.64 1327
Sedra 8.0 0 200.7 5.253 0.827 36.03 206
Faregh 24.1 21 217.2 4.446 2.557 0.790 0.772 43.47 576
Table 2. WAT at the Two Cooling Rates for the Studied Oilsa
crude oil samples WAT (C) at 3 K/min WAT (C) at 1 K/min
Remal 67.3( 1.92 68.2( 0.38
Bouri 29.2( 0.54 29.7( 0.28
Sarir 48.7( 0.36 49.6( 0.10
Sedra 22.5( 0.04 23.2( 0.88
Faregh 42.1( 0.22 43.1( 0.14
aUncertainty assigned is 2 times the standard deviation of the
measurements.
Table 3. Composition (wt %) of the Waxes Studied
Remal Bouri Sarir Sedra Faregh
C11 0.213
C12 0.176
C13 0.316
C14 0.735 0.189
C15 0.405 1.763 0.460 0.394 0.480
C16 0.650 2.183 0.920 0.574 0.860
C17 1.030 2.865 2.065 1.148 1.233
C18 1.915 4.063 4.182 2.226 3.498
C19 3.598 5.083 7.054 4.831 4.543
C20 5.453 5.983 9.140 8.159 7.921
C21 7.679 6.207 10.443 10.489 11.267
C22 8.371 6.195 9.979 10.961 11.474
C23 8.804 5.392 9.577 10.300 9.834
C24 8.395 5.16 7.754 9.034 9.356
C25 8.331 4.203 7.040 7.670 6.949
C26 7.710 3.839 5.674 6.043 6.338
C27 7.378 3.297 4.662 5.503 5.058
C28 6.120 3.8 3.797 4.753 4.561
C29 5.477 2.816 3.236 4.070 3.427
C30 4.163 2.504 2.440 3.364 2.873
C31 3.126 2.259 1.713 2.646 1.928
C32 2.158 1.848 1.242 1.927 1.648
C33 1.595 1.554 0.989 1.535 1.127
C34 0.319 1.374 1.156 1.113
C35 1.228 1.006 0.896
C36 0.736 0.485
C37 0.653
C38 0.546
C39 0.354
C40 0.351
total n-alkanes 92.68 77.70 92.37 97.79 97.06
iso- and cycloalkanes 7.32 22.30 7.63 2.21 2.94
Table 4. Elemental Analysis and H/C Ratio of the Waxes Extracted
from theOils andTotal AromaticCarbonContent of theWaxes under
Study Measured by 13C NMR
C (wt %) H (wt %) H/C C(ar) NMR (wt %)
Remal 85.28 14.72 2.07 0.7
Bouri 85.52 14.48 2.03 1.1
Sarir 85.66 14.34 2.01 0.9
Sedra 86.02 13.98 1.95 1.8
Faregh 85.09 14.91 2.10 0.6
(15) Carman, C. J.; Harrington, R. A.; Wilkes, C. E.Macromolecules
1977, 10, 536–544.
(16) Sperber, O.; Kaminsky, W.; Geissler, A. Pet. Sci. Technol. 2005,
23, 47–54.
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2 times the standard deviation. It can thus be assumed that
the WATs measured at the two cooling rates are statistically
identical. It is also quite remarkable that, although theWAT
would be expected to increase with thewax content of the oil,
there seems to be no straight relation between the two, with
Faregh presenting one of the highest wax contents, while its
WAT is inferior to those of Remal and Sarir. This is a clear
indication that the WAT is dependent upon not only the
wax content but also thewax composition, as previously sug-
gested.9 The pour point, however, displays a very good linear
dependency upon the WAT for all fluids of 23 ( 3 K below
the measured WAT. The WAT is thus, for these crudes, a
good indicator of their pour point.
Wax Composition. The wax composition was determined
by means of a GC-FID analysis according to the procedure
described above. The n-alkane distributions and the content
of non-n-alkanes on the oil are reported in Table 3. The
results indicate that all of the waxes extracted are highly
paraffinic macrocrystalline waxes. They vary from being
essentially made up of n-alkanes, as is the case for Sedra
and Faregh, to oils, such as Bouri, that, although highly par-
affinic, present a non-n-alkane content slightly above 20 wt%.
The two other oils, Remal and Sarir, present waxes very rich
in n-alkanes, with the n-alkane content above 90 wt %.
To obtain more detailed information on the composition
of the waxes, in particular, to evaluate the amount of tertiary
and aromatic carbons present in the wax, elemental analysis
and 13C NMR were used. The peaks on the NMR spectra
were assigned to carbon types according to the suggestion of
Carman et al.15 and Sperber et al.16
The elemental analysis, reported in Table 4, presents H/C
ratios higher than 2 for all waxes, except Sedra, with a H/C
ratio of 1.95. These values are typical of macrocrystalline
paraffinic waxes with a high degree of saturation.
Figure 2 shows the 13C NMR spectra for the five waxes
in the aliphatic region. As can be seen, the signals of the strai-
ght hydrocarbons dominate, with a few signals of branched
hydrocarbons. The aromatic carbon content was estimated
according to the ASTM D5292-9917 using the following
equation:
% CðarÞ ¼ ½A=ðAþBÞ  100 ð3Þ
where A is the peak area of the aromatic portion of the
spectra (100-170 ppm), while B is the peak area of the
aliphatic portion of the spectrum (10-70 ppm). The results
Figure 2. 13C NMR spectra for the waxes studied in the aliphatic region. The spectra correspond, from top to bottom, to Sedra, Sarir, Remal,
Bouri, and Faregh.
Table 5. Characterization of the Aliphatic Portion of the Waxes
by 13C NMR
structure ppm Remal Bouri Sarir Sedra Faregh
R-CH3 CH3 14.14 5.073 4.134 5.329 4.474 5.861
1B1 20.06 0.048 0.23 0.116 0.144 0.152
1B2 11.46 0.07 0.36 0.123 0.142 0.076
1B3-6 14.54 0.053 0.111 0.077 0.068 0.06
β-CH2 CH2 22.85 5.381 4.46 5.497 4.72 5.96
γ-CH2 32.16 5.691 4.301 5.695 4.839 6.301
δ-CH2 29.9 53.966 39.409 52.189 49.896 56.693
Rδþ-B1 37.48 0.193 0.557 0.402 0.319 0.249
Rδþ-B2 34 0 0.071 0 0 0
Rδþ-B3-6 34.48 0.083 0.519 0.17 0.199 0.119
βδþ-B1 27.26 0 0 0 0 0
βδþ-B2-6 27.21 0.112 0.32 0.496 0.465 0.12
γδþ-B1 30.28 0.445 0.557 0.517 0.505 0.384
γδþ-B2-6 30.39 0 0.024 0 0 0
2B2 27.59 0.148 0.296 0.185 0.255 0.16
CHB1 CH 33.16 0.094 0.298 0.148 0.133 0.075
CHB2 34.61 0.036 0.154 0.092 0.114 0.045
CHB3-6 37.01 0.41 0.964 0.435 0.496 0.32
CN1 CN 26.84 0.093 0.145 0.094 0.102 0.113
CN2 33.85 0.271 0.286 0.285 0.261 0.212
percentage
identified
72.167 57.196 71.851 67.131 76.901
percentage
not identified
27.833 42.804 28.149 32.869 23.099
percentage of
tertiary carbon
0.54 1.416 0.675 0.743 0.44
(17) Petitjean, D.; Schmitt, J. F.; Laine, V.; Bouroukba, M.; Cunat,
C.; Dirand, M. Energy Fuels 2008, 22, 697–701.
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Figure 3. Thermograms for (a) Remal, (b) Bouri, (c) Sarir, (d) Sedra, and (e) Faregh.
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are reported in Table 4, where it can be seen that Sedra has
the highest content of aromatic carbon, with the other waxes
presenting an aromatic carbon content equal or inferior to
1%. A good correlation was observed between the H/C ratio
and the aromatic carbon content obtained from 13C NMR
spectra, allowing for an explanation for the lower H/C ratio
observed for Sedra in the elemental analysis.
Using the peak identificationmentioned above, an identifica-
tionof the different carbon typeswas carried out and is reported
in Table 5 using the nomenclature suggested by Sperber et al.16
The 13C NMR spectra show that the waxes are formed
essentially by alkyl chains with very limited amount of
carbons in cyclic structures (CN<0.5%) or tertiary carbons
(CH), with the exception of Bouri, with a content of tertiary
carbons close to 1.5%. The tertiary carbon content also
seems to be related to the higher content of non-identified
structures in Bouri wax. This indicates that the content of
isoparaffins in Bouri must be higher than in the other waxes,
as also suggested by the GC-FID analysis, and it must have
some impact on the crystalline structure of the wax.
MeltingCharacteristics of theWaxes.DSCwas used in this
study to further characterize the structure of the waxes
through the determination of their melting temperatures
and heats of fusion. Panels a-e of Figure 3 show the
thermograms for the various wax samples studied, while
Table 6 presents themeasuredmelting point temperatures, as
well as the heats of fusion. These values show how the
thermograms are affected by the wax composition. Remal,
which presents the wax with a higher n-alkane content,
displays a sharp peak with a narrow melting range and high
heat of fusion. As the non-n-alkane content increases, the
melting range becomes broader and the heats of fusion
decrease. Bouri, with its relatively high content of branched
paraffins, presents a very broad melting peak and the lowest
heat ofmelting (83.0 J/g), indicating that this wax has amuch
lower crystallinity than the other waxes. A small secondary
peak is observed for Faregh and Sarir at temperatures close
to 25 C, which may be due to a solid-solid phase transition
of n-alkanes. The large heats of melting observed are typical
of macrocrystalline waxes.
A good correlation between the measured melting points
and heats of fusion is observed for these waxes, with higher
melting points corresponding to the higher heats of fusion. A
good correlation is also observed between the heats of
fusion/melting temperatures and the content of tertiary
carbon reported in Table 5. The lower the tertiary carbon
content, the higher the crystallinity of the wax and, thus, its
melting temperature and heat of fusion.
XRD of the Waxes. To obtain information on the crystal-
line structure of the waxes extracted from the oils under
investigation, XRD was performed here on the purified wax
samples. The diffractograms of the five waxes are presented
in Figure 4. The crystallinity of the samples can be associated
Table 6. Melting Point Temperatures and Heats of Melting for the
Waxes Studied
melting temperature (C) heat of melting (J g-1)
Remal 50.5 159.1
Bouri 30.2 83.0
Sarir 40.6 121.8
Sedra 39.2 119.7
Faregh 41.1 142.9
Figure 4. X-ray diffractograms of the studied waxes from top to bottom: (red) Remal, (blue) Bouri, (green) Sedra, (gray) Sarir, and (brown)
Faregh, respectively.
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with the 2θ=35-45 region. Remal and Faregh are the most
crystalline samples, while Bouri is the less crystalline sample.
This is in good agreement with the observed heats of fusion.
The low crystallinity of Bouri seems to be related with the
large content in tertiary carbon of the Bouri waxes, as
observed from the NMR spectra. Waxes with a higher iso-
paraffin content present poor crystalline structures, and their
mechanical properties are also modified.17 These waxes are
favorable from a flow assurance point of view because they
are softer and easier to melt and, thus, remove from the
pipelines by pigging.
To evaluate if a thermal treatment would have any effect
on the crystalline habit of the waxes, diffractograms were
collected for the purified wax samples and samples under-
going different thermal treatments. No differences in the
crystalline habit were observed with the thermal treatments.
Given the high n-alkane content of all of these waxes, it is
not surprising that they all exhibit very similar XRD pat-
terns. Their crystalline habit can be identified with an
orthorhombic structure common in normal paraffins.17,18
Conclusions
Characterization of waxy crude oils and their waxes is
necessary to be able to understand and predict their behavior
to avoid various problems during production, transport, and
processing, such as plugging and clogging of pipelines. It is
thus very important to obtain reliable information concerning
the nature of wax using a combination of various analytical
techniques, because there is no single analytical method that
can provide a complete picture on the chemical and physical
nature of the wax. In this work, the characteristics of five
Libyan waxy crudes, namely, Remal, Sarir, Sedra, Bouri, and
Faregh, and their waxes were investigated.
Although the major characteristics of the oils seem to be in
good agreement, displaying a good relationship between the
average molecular weight, API gravity, viscosity, and wax
content, it is shown here that the WAT is not just directly
relatedwith thewax content of the oil but alsowith its paraffin
distribution. A correlation between the measured WAT and
the pour points was also observed.
The results of 13CNMR, elemental analysis, andGC-FID
indicate, with a good agreement, that all of the studied Libyan
crudes present macrocrystalline waxes, composed of essen-
tially straight-chain saturated paraffinic hydrocarbons as
n-alkanes. The aromatic content in the waxes was marginal,
with the largest value of 2% being presented by Sedra. The
waxes from Bouri have a higher quantity of isoparaffins than
the other samples, with an important impact on their crystal-
line structure and, consequently, their melting characteristics.
The coherence between the results obtained from different
analytical techniques helps to identify the most adequate, to
provide the necessary information with lower effort and cost.
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